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Abstract	  
	   	  
	   The	  D’Entrecasteaux	  Islands	  of	  Papua	  New	  Guinea	  (PNG)	  contain	  the	  youngest	  
known	  ultrahigh-­‐	  and	  high	  pressure	  ((U)HP)	  terrane	  in	  the	  world	  (Davies	  and	  Warren,	  
1992;	  Baldwin	  et	  al.,	  2008).	  Conventional	  peak	  pressure-­‐temperature	  (P-­‐T)	  estimates	  for	  
the	  (U)HP	  terrane	  do	  not	  confirm	  (U)HP	  conditions,	  despite	  the	  presence	  of	  coesite	  in	  a	  
sample	  from	  the	  terrane	  (Baldwin	  et	  al.,	  2008).	  The	  objective	  of	  this	  project	  was	  to	  apply	  
phengite	  geobarometers	  to	  samples	  from	  the	  (U)HP	  terrane	  in	  PNG,	  providing	  new	  
pressure	  estimates.	  Si-­‐in-­‐phengite	  (Massonne	  and	  Schreyer,	  1987)	  and	  Ti-­‐in-­‐phengite	  
(Auzanneau	  et	  al.,	  2010)	  barometry	  were	  applied	  to	  two	  samples	  from	  the	  PNG	  (U)HP	  
terrane	  to	  constrain	  P-­‐T	  paths.	  The	  coesite-­‐bearing	  eclogite	  (~8-­‐7	  Ma,	  Monteleone	  et	  al.,	  
2007;	  Baldwin	  et	  al.,	  2008;	  Baldwin	  and	  Das,	  2013)	  was	  used	  to	  constrain	  peak	  pressure	  
conditions,	  whereas	  a	  felsic	  gneiss	  (~	  1.5	  Ma,	  S.	  Baldwin,	  pers.	  comm.)	  was	  used	  to	  
constrain	  the	  final	  stages	  of	  exhumation	  to	  the	  surface.	  ‘Equilibrium	  assemblage	  diagrams’	  
calculated	  for	  both	  samples	  do	  not	  indicate	  equilibrium	  in	  the	  samples	  on	  the	  whole-­‐rock	  
scale.	  Whole-­‐rock	  scale	  disequilibrium	  demonstrates	  the	  need	  for	  the	  application	  of	  new	  
geobarometers	  that	  require	  equilibrium	  of	  the	  sample	  on	  a	  small	  (mm)	  scale,	  as	  opposed	  to	  
throughout	  the	  whole	  rock.	  	  
Results	  of	  the	  phengite	  geobarometers	  show	  that	  peak	  pressures	  were	  in	  the	  coesite	  
stability	  field	  (27-­‐38	  kbar),	  on	  the	  basis	  of	  Ti-­‐in-­‐phengite	  barometry	  of	  the	  coesite-­‐bearing	  
eclogite.	  	  In	  contrast,	  Si-­‐in-­‐phengite	  barometry	  of	  the	  felsic	  gneiss	  yielded	  estimated	  
pressures	  of	  ~	  2-­‐6	  kbar,	  interpreted	  to	  indicate	  exhumation	  from	  shallow-­‐mid	  crustal	  
depths	  (~6-­‐18	  km).	  Though	  these	  two	  samples	  have	  different	  bulk	  compositions	  and	  were	  
collected	  from	  different	  localities,	  and	  thus	  do	  not	  necessarily	  record	  the	  same	  P-­‐T	  path,	  
they	  do	  confirm	  a	  general	  exhumation	  trend	  from	  (U)HP	  depths	  (~	  80-­‐100	  km)	  between	  
~8-­‐7	  to	  ~1.5	  Ma	  (~6-­‐18	  km)	  for	  the	  PNG	  (U)HP	  terrane.	  Additionally,	  this	  is	  the	  first	  time	  
that	  application	  of	  a	  geobarometer	  has	  yielded	  pressure	  estimates	  for	  the	  coesite-­‐bearing	  
eclogite	  entirely	  within	  the	  coesite	  field	  (based	  on	  Ti-­‐in-­‐phengite).	  Results	  indicate	  the	  
success	  in	  application	  of	  single-­‐mineral	  barometers	  in	  cases	  where	  the	  scale	  of	  equilibrium	  
is	  limited,	  on	  the	  order	  of	  single	  mineral	  grains,	  as	  opposed	  to	  the	  whole	  rock.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
APPLICATION	  OF	  PHENGITE	  BAROMETRY	  TO	  EXAMINE	  PRESSURE-­‐TEMPERATURE-­‐TIME	  
PATHS	  IN	  THE	  WORLD’S	  YOUNGEST	  KNOWN	  ULTRAHIGH-­‐PRESSURE	  TERRANE	  
	  
	  
	  
	  
by	  
	  
Robin	  Drucker	  
	  
	   	  
B.A.,	  Cornell	  College,	  Mt.	  Vernon,	  Iowa	  2012	  
	  
	  
	  
	  
	  
Thesis	  
Submitted	  in	  partial	  fulfillment	  of	  the	  requirements	  for	  the	  degree	  of	  
Master	  of	  Science	  in	  Earth	  Science.	  
	  
	  
	  
	  
	  
	  
Syracuse	  University	  
	  
May,	  2015	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Copyright	  ©	  Robin	  Drucker	  2015	  
All	  Rights	  Reserved	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Acknowledgements	  
	  
	   Thanks	  to	  the	  National	  Science	  Foundation	  Continental	  Dynamics	  Program,	  grant	  
EAR0709054	  (to	  Baldwin,	  Fitzgerald	  and	  Webb),	  Syracuse	  University	  Women	  in	  Science	  
and	  Engineering	  grant	  (to	  Baldwin),	  and	  also	  to	  the	  KD	  Nelson	  Research	  Fund	  (to	  Drucker),	  
for	  funding	  this	  project.	  Thanks	  to	  Suzanne	  Baldwin	  for	  collecting	  sample	  89321c,	  and	  
thanks	  to	  Tim	  Little	  for	  collecting	  sample	  TLPNG	  10-­‐058a.	  Many	  thanks	  to	  Suzanne	  
Baldwin	  for	  her	  help,	  advice	  and	  advising.	  Thanks	  also	  to	  my	  committee	  members,	  Paul	  
Fitzgerald,	  M.E.	  Bickford	  and	  Jay	  Thomas.	  Thanks	  to	  Scott	  Samson	  for	  chairing	  my	  
committee,	  thanks	  to	  Jared	  Singer	  at	  RPI	  for	  his	  assistance	  on	  the	  EMP,	  and	  thanks	  to	  the	  
Washington	  State	  University	  GeoAnaytical	  Lab	  for	  XRF	  work.	  Thanks	  to	  the	  SU	  Earth	  
Sciences	  department	  for	  providing	  a	  teaching	  assistantship,	  and	  thanks	  to	  the	  SUES	  
community,	  Picasso’s	  Pastries,	  and	  my	  family.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
v	  
Table	  of	  Contents	  
Introduction………………………………………………………..………………….………………….………..…………1	  
	  
Background……………………………………………..	  …………..………………….…….………………………..……..3	  
a. UHP	  Metamorphism…………………………...…..…………………………………...…….....3	  
b. Geothermobarometry	  of	  (U)HP	  Terranes……………………...…..…………………..4	  
	  
Geologic	  Setting…………………………………………..…………………………………………………..…………..….5	  
a.	  	  	  Regional	  Overview……………....…….……….………...………………………………………5	  
b.	  	  	  Geology	  of	  the	  D’Entrecasteaux	  Islands…….........……………………………………..6	  
	  
Sample	  Description....................……..…..…..……………...…………………………………………..………..………8	  	  
a. Previous	  Studies……………………………………………………………………….…...……..8	  
b.	  	  	  Petrographic	  Descriptions…………………………………...………………………..…….10	  
	  
Methods………………………………………………………….……..…………………………………..…………....…...12	  
a.	  	  	  Electron	  Microprobe…..……...………………………..…………………………………...…12	  
b.	  	  	  X-­‐Ray	  Fluorescence…………………………………….…………………..……...…………..12	  
c.	  	  	  XMapTools……………………………………….…………………………………….…………..13	  
d.	  	  	  Si-­‐in-­‐Phengite	  Barometry…………….…………………..……………………….…...……14	  
e.	  	  	  Ti-­‐in-­‐Phengite	  Barometry…………………………..………………………….……..……..14	  
f.	  	  	  Equilibrium	  Assemblage	  Diagrams……………...………………………….…..………..15	  
	  
Results…………………………………………...…………………………………………………………………..……..….16	  
	  
Discussion…………………………………………………………………………………………….….……………..……19	  
	  
Interpretation…………………………………………………………………….…………….………………………..…24	  
	  
Conclusion..………………………………………………………………………………………….……………...……….25	  
	  
Figures	  and	  Tables……………………………………………..…………………………………..…..…………………27	  
	  
Appendices…………………………………………………………………………………………….…………………….39	  
	  
References……………………………...	  ……………………………………………………………………………………65	  
	  
Vita………………………………………...	  ……………………………………………………………………………………69	  
	  
	  
	  
	  
	  
vi	  
Figures	  
	  
Geologic	  Map	  of	  Eastern	  Papua	  New	  Guinea	  (Figure	  1)	  ……………………………………..……..…….27	  
	  
Previous	  P-­‐T	  Estimates	  from	  PNG	  (U)HP	  Terrane	  (Figure	  2)	  ………………………………………….27	  
	  
Element	  Concentration	  Maps	  of	  Phengite	  Grains	  (Figure	  3)	  ……………………..……….……...…….28	  
	  
Map	  of	  Spot	  Analyses	  of	  Phengite	  Grains	  (Figure	  4)…………….……………………..…..………………28	  
	  
Mineral	  Mask	  of	  Phengite	  Grain	  (Figure	  5)	  …………………...………………………...……………………..29	  
	  
Si	  p.f.u.	  vs.	  Al	  p.f.u.	  for	  Samples	  89321c	  and	  TLPNG	  10-­‐058a	  (Figure	  6)	  ………………….………29	  
	  
Photomicrographs	  of	  Sample	  89321c	  (Figure	  7)	  ……………………………………………………………30	  
	  
Photomicrographs	  of	  Sample	  TLPNG	  10-­‐058a	  (Figure	  8)	  ……………………………………………….30	  
	  
Ti-­‐in-­‐Phengite	  Barometry	  Results	  for	  Sample	  89321c	  (Figure	  9)	  …………………….……………..31	  
	  
Si-­‐in-­‐Phengite	  Barometry	  Results	  for	  Sample	  TLPNG	  10-­‐058a	  (Figure	  10)…..………………….32	  
	  
Equilibrium	  Assemblage	  Diagram,	  Sample	  89321c	  (Figure	  11)	  ………………………………………33	  
	  
Equilibrium	  Assemblage	  Diagram,	  Sample	  TLPNG	  10-­‐058a	  (Figure	  12)	  ……………...………….34	  
	  
P-­‐T-­‐t	  estimates	  and	  comparison	  to	  previous	  results	  (Figure	  13)	  ……………………….……………35	  
	  
P-­‐T	  estimates	  and	  comparison	  to	  previous	  results	  (Figure	  14)	  …………………………..…………..36	  
	  
	  
Tables	  
	  
Major	  element	  data	  from	  white	  micas,	  samples	  89321c	  and	  TLPNG10-­‐058a	  (Table	  1)	  ……37	  
	  
Bulk	  rock	  data	  from	  samples	  89321c	  and	  TLPNG	  10-­‐058a	  (Table	  2)	  …………………………..….38	  
	  
Chemical	  Element	  Maps	  (Appendix	  A)………………………………………………………………..………….43	  
	  
EMP	  Spot	  Analyses	  (Appendix	  B)……………………………………………………..……………………………48	  
	  
Use	  of	  Theriak-­‐Domino	  (Appendix	  C)…………………………………………………………………………….54	  
	  
Use	  of	  XMapTools	  (Appendix	  D)…………………………………………………………………………………….64	  
	  
	  
	  
vii	  
	  
	  
Introduction	  
Ultrahigh-­‐pressure	  metamorphism	  (UHP)	  occurs	  when	  crustal	  rocks	  are	  
metamorphosed	  at	  mantle	  depths,	  at	  pressures	  above	  ~28	  kbar	  (Chopin,	  1984;	  Gilotti,	  
2013;	  Smith,	  1984).	  The	  presence	  of	  (U)HP	  rocks	  at	  the	  surface	  indicates	  (i)	  subduction	  of	  
protoliths	  to	  depths	  >	  90	  km,	  (ii)	  a	  mechanism	  capable	  of	  exhuming	  these	  rocks	  from	  that	  
depth	  to	  the	  surface,	  and	  (iii)	  (U)HP	  mineral	  assemblages	  were	  preserved	  during	  
exhumation	  (Gilotti,	  2013).	  Thus,	  the	  presence	  of	  (U)HP	  rocks	  at	  the	  Earth’s	  surface	  
provides	  an	  opportunity	  to	  study	  subduction	  or	  plate	  boundary	  processes,	  and	  exhumation	  
mechanisms,	  by	  determining	  pressure-­‐temperature-­‐time	  (P-­‐T-­‐t)	  paths.	  
Papua	  New	  Guinea	  (PNG)	  hosts	  the	  world’s	  youngest	  known	  (~	  8Ma)	  (U)HP	  
metamorphic	  terrane	  (Baldwin	  et	  al.,	  2008;	  Monteleone	  et	  al.,	  2007;	  Zirakparver	  et	  al.,	  
2011).	  One	  eclogite	  sample	  from	  the	  area	  contains	  coesite,	  a	  high-­‐pressure	  polymorph	  of	  
SiO2,	  which	  forms	  at	  pressures	  of	  ~	  28	  kbar	  or	  greater	  (Chopin,	  1984;	  Smith,	  1984).	  Prior	  
pressure-­‐temperature	  (P-­‐T)	  estimates	  from	  the	  coesite-­‐bearing	  eclogite	  sample	  are	  
between	  18-­‐27	  kbar	  (based	  on	  garnet-­‐pyroxene-­‐phengite	  barometry)	  and	  600-­‐760˚	  C	  
(based	  on	  garnet-­‐pyroxene	  thermometry;	  Baldwin	  et	  al.,	  2008).	  Temperatures	  for	  the	  
coesite-­‐bearing	  eclogite	  have	  been	  further	  constrained	  through	  use	  of	  trace	  element	  
thermometry,	  yielding	  temperature	  estimates	  of	  650-­‐675˚	  C	  (Ti-­‐in-­‐zircon	  thermometry)	  
and	  695-­‐743˚C	  (Zr-­‐in-­‐rutile	  thermobarometry)	  respectively	  (Baldwin	  et	  al.,	  2008).	  
Whereas	  the	  temperatures	  for	  the	  peak	  (coesite-­‐containing)	  metamorphic	  conditions	  are	  
more	  constrained,	  the	  pressures	  are	  less	  constrained,	  given	  that	  the	  only	  available	  estimate	  
has	  a	  large	  range	  of	  18-­‐27	  kbar	  (based	  on	  garnet-­‐pyroxene-­‐phengite	  barometry;	  Baldwin	  et	  
al.,	  2008).	  	  	  
1
	  
	  
There	  are	  more	  calibrated	  major-­‐	  and	  trace-­‐element	  geothermometers	  than	  there	  
are	  geobarometers,	  and	  well-­‐constrained	  pressure	  estimates	  are	  therefore	  difficult	  to	  
obtain	  (Spear,	  1993).	  Traditional	  thermobarometry	  estimates	  P-­‐T	  conditions	  on	  the	  basis	  
of	  changes	  in	  compositions	  and	  thermodynamic	  properties	  of	  minerals.	  Traditional	  
barometric	  estimates	  require	  chemical	  analysis	  of	  multiple	  minerals	  that	  are	  assumed	  to	  be	  
in	  chemical	  equilibrium	  with	  each	  other	  in	  a	  sample	  (Spear,	  1993).	  This	  project	  uses	  major	  
and	  trace	  element	  barometry	  of	  single	  minerals	  to	  yield	  pressure	  estimates	  from	  mineral	  
assemblages	  that	  may	  not	  be	  in	  equilibrium.	  The	  concentrations	  of	  specific	  elements	  in	  
single	  phases	  (i.e.,	  phengite)	  were	  measured,	  requiring	  equilibrium	  between	  only	  a	  limited	  
mineral	  assemblage	  (to	  control	  activity),	  in	  order	  to	  produce	  precise	  estimates.	  Specifically,	  
the	  Si-­‐in-­‐phengite	  and	  Ti-­‐in-­‐phengite	  geobarometers	  (e.g.,	  Massonne	  and	  Schreyer,	  1987;	  
Auzanneau	  et	  al.,	  2010)	  were	  applied	  to	  samples	  of	  known	  age	  to	  determine	  pressure	  
estimates,	  which	  are	  interpreted	  in	  the	  context	  of	  subduction	  of	  rocks	  to	  (U)HP	  depths	  and	  
subsequent	  exhumation.	  A	  pressure	  estimate	  of	  27-­‐38	  kbar	  was	  obtained	  on	  the	  coesite-­‐
bearing	  eclogite,	  using	  the	  Ti-­‐in-­‐phengite	  barometer.	  This	  result	  provides	  the	  first	  
geobarometry	  estimate	  for	  the	  PNG	  (U)HP	  terrane	  that	  is	  firmly	  within	  the	  coesite	  field.	  	  
	   Pressure	  estimates	  are	  used	  to	  determine	  the	  lithostatic	  depth	  (z=P/ρg;	  where	  
z=depth,	  P=pressure,	  ρ=density	  and	  g=gravity)	  of	  formation	  of	  rocks	  (Thompson,	  1992).	  
Depth	  estimates	  are	  necessary	  for	  constraining	  the	  depth-­‐time	  paths	  of	  (U)HP	  rocks,	  and	  
are	  especially	  useful	  when	  paired	  with	  temperature	  estimates	  and	  petrographic	  
observations	  to	  create	  pressure-­‐temperature-­‐time-­‐depth	  paths.	  Dividing	  the	  change	  in	  
depth	  (z)	  by	  the	  change	  in	  time	  (t),	  provides	  the	  rate	  of	  exhumation	  (Δz/Δt=rate	  of	  
exhumation).	  The	  change	  in	  time	  (t)	  is	  based	  on	  radiometric	  dating	  methods,	  such	  as	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40Ar/39Ar	  in	  phengite,	  measured	  in	  the	  samples	  used	  to	  construct	  the	  exhumation	  path.	  
Measuring	  the	  rate	  of	  exhumation	  by	  looking	  at	  the	  change	  in	  depth	  over	  time	  provides	  the	  
rate	  of	  vertical	  exhumation,	  and	  thus	  provides	  a	  minimum	  rate.	  
	  
Background	  
UHP	  Metamorphism	  
	   The	  field	  of	  study	  of	  ultrahigh-­‐pressure	  metamorphism	  developed	  in	  1984	  after	  
coesite	  was	  discovered	  in	  crustal	  samples	  in	  the	  Dora-­‐Maira	  massif,	  Italy,	  and	  the	  Western	  
Gneiss	  Region,	  Norway	  (Chopin,	  1984;	  Smith,	  1984,	  respectively).	  	  Coesite	  is	  the	  high-­‐
pressure	  polymorph	  of	  SiO2,	  which	  forms	  at	  pressures	  of	  >	  ~28	  kbar	  (2.8	  GPa;	  Chopin,	  
1984;	  Smith,	  1984).	  A	  pressure	  of	  28	  kbar	  equates	  to	  approximately	  80	  to	  90	  km	  of	  depth	  
(~	  0.3	  kbar	  per	  km,	  assuming	  an	  average	  rock	  density	  of	  3.0	  g/cm3).	  Therefore,	  coesite	  
inclusions	  indicate	  that	  a	  rock	  was	  metamorphosed	  at	  mantle	  depths	  (Gilotti,	  2013).	  The	  
presence	  of	  coesite-­‐bearing	  rocks	  at	  the	  Earth’s	  surface	  demonstrates	  that	  crustal	  rocks	  can	  
reach	  mantle	  depths	  and	  return	  to	  the	  surface.	  The	  presence	  of	  coesite-­‐bearing	  rocks	  from	  
many	  orogens	  on	  Earth,	  and	  from	  many	  different	  geologic	  time	  periods,	  indicates	  that	  this	  
process	  is	  not	  a	  unique	  phenomenon,	  but	  a	  recurring	  event	  throughout	  Earth’s	  evolution	  
(Gilotti,	  2013).	  The	  (U)HP	  terrane	  of	  PNG	  is	  the	  youngest	  known,	  and	  only	  actively	  
exhuming,	  (U)HP	  terrane	  on	  Earth.	  	  
The	  prograde	  path	  followed	  by	  (U)HP	  rocks	  into	  the	  mantle	  is	  associated	  with	  the	  
subduction	  of	  (i)	  continental	  crust,	  (ii)	  continentally	  derived	  sediments,	  and	  (iii)	  continent	  
ribbons	  (Burov	  et	  al.,	  2014;	  Gilotti,	  2013).	  Several	  mechanisms	  have	  been	  proposed	  to	  
explain	  the	  retrograde	  path	  of	  (U)HP	  rocks	  in	  PNG,	  which	  remains	  controversial	  (e.g.,	  Webb	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et	  al.,	  2008;	  Little	  et	  al.,	  2011,	  2013;	  Brownlee	  et	  al.,	  2011;	  Ellis	  et	  al.,	  2011;	  Zirakparvar	  et	  
al.,	  2011,	  2013;	  Gordon	  et	  al.,	  2012;	  Burov	  et	  al.,	  2014).	  Proposed	  exhumation	  mechanisms	  
for	  transport	  of	  (U)HP	  rocks	  from	  mantle	  depths	  to	  the	  surface	  in	  the	  (U)HP	  terrane	  of	  PNG	  
include	  subduction	  inversion	  (e.g.,	  Webb	  et	  al.,	  2008)	  or	  trans-­‐mantle	  diapirism	  (e.g.,	  Ellis	  
et	  al.,	  2011).	  The	  diapir	  model	  hypothesizes	  that	  exhuming	  (U)HP	  rocks	  ponded	  at	  the	  
Moho,	  with	  temperatures	  remaining	  ~	  500˚	  C	  at	  shallow	  depths	  for	  >1	  Ma	  (Ellis	  et	  al.,	  
2011).	  Under	  these	  conditions,	  phengite	  may	  recrystallize,	  resetting	  40Ar/39Ar	  isotopic	  
ages.	  The	  geochemistry	  of	  white	  mica	  grains	  recrystallized	  at	  shallow	  depths	  would	  not	  
preserve	  evidence	  for	  (U)HP	  in	  the	  form	  of	  high-­‐Si	  phengite,	  but	  would	  instead	  have	  a	  
lower-­‐Si	  muscovite	  composition.	  The	  subduction	  inversion	  model	  may	  not	  include	  late	  
stage	  heating,	  and	  exhumation	  is	  hypothesized	  to	  have	  occurred	  while	  the	  geothermal	  
gradient	  was	  low.	  Such	  cold	  geothermal	  gradients	  (~8˚	  C/km)	  could	  lead	  to	  conditions	  that	  
preserve	  phengite	  grains	  (i.e.,	  cooling	  during	  exhumation;	  Webb	  et	  al.,	  2008).	  The	  
preservation	  of	  8	  Ma,	  high-­‐Si	  phengite	  in	  the	  coesite-­‐bearing	  eclogite	  ,	  and	  the	  lack	  of	  
recrystallization	  at	  lower	  P-­‐T	  conditions	  to	  form	  muscovite,	  indicates	  that	  temperatures	  of	  
~500˚	  C	  were	  not	  sustained	  at	  shallow	  depths,	  as	  required	  by	  	  the	  diapir	  model	  (Ellis	  et	  al.,	  
2011).	  Therefore,	  the	  presence	  of	  this	  preserved	  phengite	  supports	  the	  subduction	  
inversion	  model	  (Webb	  et	  al.,	  2008).	  
	  
Geothermobarometry	  of	  (U)HP	  Terranes	  
Pressure-­‐Temperature	  (P-­‐T)	  paths	  of	  	  (U)HP	  rocks	  from	  mantle	  depths	  to	  the	  
surface	  can	  be	  constrained	  by	  using	  geothermobarometry	  because	  the	  stability	  of	  mineral	  
assemblages	  is	  limited.	  Geothermobarometry	  is	  based	  on	  chemical	  reactions	  between	  
4
	  
	  
minerals	  in	  a	  rock	  in	  order	  to	  establish	  the	  P-­‐T	  of	  equilibration	  (Spear,	  1993).	  Establishing	  
P-­‐T	  conditions	  for	  rocks	  in	  an	  area	  aids	  in	  understanding	  the	  tectonic	  history	  of	  the	  region.	  
Conventional	  thermobarometry	  requires	  the	  assumption	  that	  all	  minerals	  in	  a	  rock	  are	  
fully	  chemically	  equilibrated	  with	  each	  other	  (Spear,	  1993).	  Full	  equilibration	  does	  not	  
always	  occur	  in	  nature,	  which	  may	  lead	  to	  erroneous	  P-­‐T	  estimates	  (Spear	  et	  al.,	  2014).	  	  
The	  PNG	  coesite-­‐eclogite	  has	  a	  disequilibrium	  mineral	  assemblage,	  (e.g.,	  the	  coexistence	  of	  
coesite	  and	  amphibole	  in	  the	  sample),	  such	  that	  P-­‐T	  estimates	  based	  on	  traditional	  
thermobarometry	  yield	  a	  large	  range	  of	  possible	  pressures	  and	  temperatures	  (Baldwin	  et	  
al.,	  2008).	  	  
Muscovite	  (KAl2[Si3AlO10](OH,F)2)	  is	  the	  phase	  of	  interest	  in	  this	  study.	  Phengite	  is	  a	  
variety	  of	  muscovite	  that	  contains	  a	  Si	  to	  Al	  ratio	  of	  at	  least	  3:1	  per	  formula	  unit	  (p.f.u.	  ;	  
Deer	  et	  al.,	  1992).	  Since	  the	  amount	  of	  Si	  increases	  with	  increasing	  pressure,	  phengite	  is	  
commonly	  the	  white	  mica	  found	  in	  (ultra)high-­‐pressure	  metamorphic	  rocks,	  such	  as	  the	  
coesite-­‐bearing	  eclogite	  (Auzanneau	  et	  al.,	  2010;	  Massonne	  and	  Schreyer,	  1987).	  Lower	  
pressure	  white	  micas	  that	  have	  a	  Si	  to	  Al	  ratio	  lower	  than	  3:1	  are	  referred	  to	  as	  muscovite.	  	  
	  
Geologic	  Setting	  
Regional	  Overview	  
	   The	  oblique	  collision	  of	  the	  Australian	  and	  Pacific	  tectonic	  plates	  controls	  modern	  day	  
tectonic	  processes	  in	  the	  PNG	  region	  (Figure	  1;	  Baldwin	  et	  al.,	  2012).	  The	  Pacific	  plate	  is	  
moving	  west-­‐southwest	  at	  a	  velocity	  of	  ~110mm/yr	  relative	  to	  the	  Australian	  plate.	  The	  
convergence	  component	  between	  the	  two	  plates	  is	  ~70	  mm/yr	  (DeMets	  et	  al.,	  1994;	  
Tregoning	  and	  Gorbatov,	  2004).	  Oblique	  convergence	  of	  the	  Australian	  and	  Pacific	  plates	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leads	  to	  rapid	  changes	  within	  the	  larger	  convergent	  plate	  boundary	  zone,	  including	  active	  
subduction,	  collisional	  orogenesis,	  rifting,	  microplate	  formation	  and	  rotation,	  and	  
exhumation	  of	  (U)HP	  rocks	  (Baldwin	  et	  al.,	  2012).	  	  
	  
Geology	  of	  the	  D’Entrecasteaux	  Islands	  
The	  D’Entrecasteaux	  Islands	  are	  located	  offshore	  of	  the	  southeastern	  mainland	  of	  
PNG	  and	  contain	  the	  PNG	  (U)HP	  terrane,	  including	  the	  sample	  localities	  for	  this	  project	  
(Figure	  1).	  The	  D’Entrecasteaux	  Islands	  consist	  of	  three	  main	  islands,	  (Goodenough,	  
Fergusson	  and	  Normanby;	  Figure	  1;	  Davies	  and	  Warren,	  1988).	  The	  coesite-­‐eclogite	  (~	  8-­‐7	  
Ma)	  is	  from	  Tumabaguna	  Island,	  a	  small	  island	  offshore	  of	  northwest	  Fergusson	  Island	  
(150.462˚E,	  9.4887˚S,	  Elevation	  1	  m;	  Baldwin	  et	  al.,	  2004,	  2008;	  Zirakparvar	  et	  al.,	  2011).	  
The	  other	  sample	  in	  this	  study,	  a	  gneiss	  containing	  muscovite	  grains	  with	  an	  40Ar/39Ar	  age	  
of	  ~	  1.5	  Ma	  (S.	  Baldwin,	  pers.	  comm.),	  is	  from	  Goodenough	  Island	  (150.18887˚E,	  9.28728˚S,	  
Elevation	  1100	  m;	  Little	  et	  al.,	  2011).	  The	  D’Entrecasteaux	  Islands	  are	  metamorphic	  core	  
complexes	  (MCC’s),	  containing	  compositionally	  layered	  metamorphic	  rocks	  folded	  into	  
domes	  and	  antiforms	  that	  are	  20-­‐30	  km	  across	  and	  up	  to	  2.5	  km	  above	  sea	  level	  (Davies	  
and	  Warren,	  1988;	  Little	  et	  al.,	  2011).	  MCC’s	  are	  tectonic	  features	  that	  form	  because	  of	  
large	  scale	  crustal	  extension	  (Baldwin	  et	  al.,	  1993).	  MCC’s	  can	  be	  considered	  in	  terms	  of	  an	  
upper	  (extending)	  plate,	  and	  a	  lower	  (exhuming)	  plate.	  MCC’s	  expose	  rocks	  from	  depth,	  
which	  are	  exhumed	  to	  the	  surface	  during	  crustal	  extension	  (Lister	  and	  Davies,	  1989).	  The	  
Papuan	  Ultramafic	  Belt	  (PUB),	  on	  the	  upper	  plate	  of	  the	  PNG	  MCC,	  represents	  sections	  of	  
oceanic	  crust	  that	  were	  thrust	  over	  continental	  crust	  during	  arc-­‐continent	  collision	  in	  the	  
Oligocene	  (Baldwin	  et	  al.,	  1993).	  The	  lower	  plate	  rocks	  of	  the	  PNG	  MCC	  are	  high-­‐grade	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metamorphic	  rocks	  such	  as	  amphibolites,	  eclogites,	  and	  migmatites,	  intruded	  by	  granitoid	  
(Baldwin	  et	  al.,	  1993;	  Gordon	  et	  al.,	  2012;	  Hill	  et	  al.,	  1992).	  Between	  the	  upper	  plate	  and	  the	  
lower	  plate	  is	  a	  large	  shear	  zone,	  where	  crustal	  extension	  is	  accommodated	  (Baldwin	  et	  al.,	  
1993;	  Little	  et	  al.,	  2011).	  Upper	  plate	  extension	  causes	  removal	  of	  the	  upper	  plate	  and	  rapid	  
exhumation	  of	  the	  lower	  plate,	  and	  this	  in	  turn	  causes	  rapid	  cooling	  (≥	  100˚	  C/m.y.)	  of	  
lower	  plate	  rocks,	  and	  very	  rapid	  cooling	  of	  shear	  zone	  rocks	  (potentially	  >	  500˚	  C/m.y.)	  
(Baldwin	  et	  al.,	  1993).	  MCC’s	  commonly	  have	  a	  domal	  shape,	  the	  result	  of	  the	  large	  listric	  
faults	  which	  bound	  them	  and	  accommodate	  upper	  crustal	  extension	  (Lister	  and	  Davies,	  
1989).	  The	  uplift	  of	  the	  lower	  crust	  associated	  with	  MCC	  formation	  may	  account	  for	  the	  
exposure	  of	  (U)HP	  rocks	  at	  the	  Earth’s	  surface	  from	  lower-­‐mid	  crustal	  levels.	  However,	  this	  
does	  not	  account	  for	  the	  path	  of	  the	  rocks	  from	  mantle	  depths	  to	  crustal	  levels.	  
Other	  studies	  have	  interpreted	  structures	  of	  the	  D’Entrecasteaux	  Islands	  as	  
resulting	  from	  diapirs,	  rather	  than	  MCC’s	  (E.g.,	  Little	  et	  al.,	  2013).	  This	  model	  identifies	  the	  
gneiss	  domes	  as	  trans-­‐mantle	  diapirs	  (Rayleigh-­‐Taylor	  instabilities),	  which	  buoyantly	  rose	  
to	  the	  surface,	  and	  were	  finally	  exposed	  by	  erosion	  and	  normal	  faulting	  (Little	  et	  al.,	  2013).	  
The	  identification	  of	  the	  D’Entrecasteaux	  Island	  gneiss	  domes	  as	  diapirs	  aligns	  with	  the	  
proposed	  diapir	  exhumation	  mechanism	  (Ellis	  et	  al.,	  2011;	  Little	  et	  al.,	  2013).	  The	  
mechanism	  relies	  on	  isothermal	  decompression	  from	  mantle	  depths	  to	  the	  surface,	  causing	  
partial	  melting	  of	  the	  rocks	  and	  the	  difference	  in	  density	  between	  the	  more-­‐dense	  mantle	  
and	  less-­‐dense	  crustal	  rocks	  to	  exhume	  the	  (U)HP	  rocks	  to	  the	  surface	  (Ellis	  et	  al.,	  2011;	  
Little	  et	  al.,	  2011,	  2013).	  	  	  
Amphibolite	  and	  eclogite-­‐facies	  rocks	  comprise	  Goodenough,	  Fergusson	  and	  
Northwest	  Normanby	  Islands,	  whereas	  eastern	  Normanby	  Island	  has	  greenschist	  facies	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rocks	  in	  the	  lower	  plates	  (Davis	  and	  Warren,	  1992).	  The	  metamorphic	  domes	  also	  display	  
extensive	  migmatization	  of	  felsic	  gneisses,	  and	  include	  several	  generations	  of	  shear	  zones	  
surrounding	  the	  domes	  (Hill	  and	  Baldwin,	  1993;	  Little	  et	  al.,	  2011).	  The	  surface	  exposure	  of	  
(U)HP	  metamorphic	  rocks	  in	  PNG	  occurs	  in	  a	  tectonically	  complex	  area.	  It	  is	  an	  actively	  
exhuming	  terrane,	  and	  thus	  may	  serve	  as	  a	  useful	  proxy	  for	  the	  tectonic	  setting	  of	  older	  
(U)HP	  terranes	  globally	  (Baldwin	  et	  al.,	  2008).	  	  
	  
Sample	  Descriptions	  
Previous	  Studies	  
	   This	  study	  focuses	  on	  two	  samples	  with	  different	  40Ar/39Ar	  ages,	  different	  fabrics	  
preserved,	  and	  collected	  from	  different	  elevations,	  suggesting	  that	  they	  may	  record	  
different	  portions	  of	  the	  P-­‐T	  paths.	  Sample	  89321c	  is	  the	  coesite-­‐bearing	  eclogite,	  analyzed	  
in	  this	  study	  to	  document	  the	  pressure	  conditions	  of	  the	  (U)HP	  terrane,	  formed	  ~	  8-­‐7	  
million	  years	  ago	  (Monteleone	  et	  al.,	  2007;	  Baldwin	  et	  al.,	  2008;	  Zirakparvar	  et	  al.,	  2011).	  
Sample	  TLPNG	  10-­‐058a	  is	  an	  amphibolite-­‐facies	  felsic	  gneiss	  analyzed	  in	  this	  study	  to	  
determine	  P-­‐T	  conditions	  during	  exhumation	  of	  the	  PNG	  (U)HP	  rocks	  at	  ~1.5	  Ma	  (S.	  
Baldwin,	  pers.	  comm.).	  Both	  of	  these	  samples	  have	  been	  analyzed	  in	  prior	  studies	  of	  Papua	  
New	  Guinea	  (e.g.,	  Baldwin	  et	  al.,	  2008;	  Little	  et	  al.,	  2013).	  Previous	  analyses	  include	  
microstructures,	  conventional	  thermobarometry	  and	  trace	  element	  thermometry	  (Ti-­‐in-­‐
zircon	  and	  Zr-­‐in-­‐rutile;	  Baldwin	  et	  al.,	  2008;	  Little	  et	  al.,	  2013).	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89321c	  
	   Traditional	  thermobarometric	  estimates	  for	  PNG,	  obtained	  prior	  to	  the	  discovery	  of	  
coesite-­‐bearing	  eclogite,	  indicated	  peak	  metamorphic	  pressures	  of	  ~	  20-­‐25	  kbar,	  with	  peak	  
temperatures	  between	  ~730-­‐930˚	  C	  (Davies	  and	  Warren,	  1992;	  Hill	  et	  al.,	  1992;	  Baldwin	  et	  
al.,	  2004).	  Baldwin	  et	  al.	  (2008)	  reported	  new	  pressure-­‐temperature	  estimates	  on	  the	  
coesite-­‐bearing	  eclogite,	  sample	  89321c,	  using	  equilibrium	  thermobarometry.	  The	  results	  
indicated	  pressures	  of	  18-­‐27	  kbar	  (garnet-­‐pyroxene-­‐phengite	  barometry,	  Ravna	  and	  Terry,	  
2004)	  and	  temperatures	  of	  600-­‐760˚	  C	  (garnet-­‐pyroxene	  thermometry,	  Ravna,	  2000;	  
Figure	  2)	  In	  addition,	  trace	  element	  thermometry	  (Ti-­‐in-­‐zircon	  (Ferry	  and	  Watson,	  2007)	  
and	  Zr-­‐in-­‐rutile	  (Tomkins	  et	  al.,	  2007)	  thermometry),	  calculated	  assuming	  28	  kbar	  of	  
pressure,	  yielded	  temperature	  estimates	  of	  	  650-­‐675˚	  C	  and	  695-­‐743˚	  C	  respectively	  
(Figure	  2;	  Baldwin	  et	  al.,	  2008).	  However,	  the	  petrographic	  analysis	  includes	  minerals	  with	  
different	  stability	  fields	  (e.g.,	  coesite	  and	  amphibole),	  suggesting	  a	  disequilibrium	  mineral	  
assemblage	  that	  may	  underestimate	  peak	  pressure,	  preventing	  an	  accurate	  estimation	  of	  
the	  rock’s	  pressure-­‐temperature-­‐time	  (P-­‐T-­‐t)	  path.	  
	   The	  coesite-­‐bearing	  eclogite	  sample	  has	  been	  dated	  by	  several	  methods:	  (i)	  
238U/206Pb	  zircon	  ages	  of	  7.9	  ±	  1.9	  Ma	  (Monteleone	  et	  al.,	  2007),	  (ii)	  Lu-­‐Hf	  garnet	  ages	  of	  7.1	  
±	  0.7	  Ma	  (Zirakparvar	  et	  al.,	  2011),	  and	  (iii)	  40Ar/39Ar	  phengite	  ages	  of	  8.31	  ±	  0.31	  Ma	  
(Baldwin	  and	  Das,	  2013).	  These	  ages,	  combined	  with	  petrographic	  observation,	  suggest	  
that	  peak	  metamorphism	  occurred	  at	  ~8-­‐7	  Ma.	  Thermal	  ionization	  mass	  spectrometry	  
(TIMS)	  ages	  from	  zircon	  separates	  from	  the	  (U)HP	  locality	  are	  younger,	  ranging	  from	  5.6	  ±	  
0.22	  to	  4.61	  ±	  0.18	  Ma	  (Gordon	  et	  al.,	  2012).	  	  However,	  while	  these	  ages	  are	  from	  the	  (U)HP	  
locality	  (Tumabaguna	  Island),	  they	  are	  not	  actually	  from	  the	  confirmed	  coesite-­‐bearing	  
9
	  
	  
sample	  (89321c).	  These	  ages	  were	  also	  determined	  using	  TIMS	  on	  whole	  zircon	  grains,	  and	  
thus	  may	  represent	  an	  average	  age	  for	  zircon,	  rather	  than	  dating	  a	  specific	  event	  (Gordon	  
et	  al.,	  2012).	  These	  ages	  do	  not	  therefore	  constrain	  the	  timing	  of	  peak	  metamorphism,	  but	  
likely	  indicate	  zircon	  growth	  during	  partial	  melting	  during	  exhumation	  (Baldwin	  et	  al.,	  
2015;	  Kohn	  et	  al.,	  2015).	  
	  
TLPNG	  10-­‐058a	  
Sample	  TLPNG	  10-­‐058a	  is	  from	  a	  gneiss,	  described	  by	  Little	  et	  al.	  (2013)	  as	  a	  
‘deformed	  granitic	  sheet’.	  This	  sample	  is	  from	  the	  core	  zone	  of	  the	  Goodenough	  Island	  
Dome	  (Little	  et	  al.,	  2013).	  40Ar/39Ar	  dating	  of	  muscovite	  in	  TLPNG	  10-­‐058a	  yields	  inverse	  
isochron	  ages	  of	  1.57	  ±	  0.08	  Ma	  (S.	  Baldwin,	  pers.	  comm.).	  An	  apatite	  fission	  track	  age	  of	  ~	  
1.5	  Ma	  indicates	  rapid	  cooling	  at	  this	  time,	  to	  temperatures	  between	  ~120-­‐70˚	  C	  (P.	  
Fitzgerald,	  pers.	  comm.).	  Korchinski	  (2012)	  used	  Ti-­‐in-­‐quartz	  thermometry	  to	  estimate	  the	  
temperature	  of	  quartz	  crystallization	  in	  the	  sample	  at	  587˚	  ±	  49˚	  C	  (Korchinski	  et	  al.,	  2012).	  
This	  sample	  was	  analyzed	  to	  examine	  the	  late	  stage	  exhumation	  path	  of	  rocks	  within	  the	  
(U)HP	  terrane,	  as	  it	  approached	  the	  Earth’s	  surface.	  
	  
Petrographic	  Description	  
89321c	  (Tumabaguna	  Island,	  150.462˚E,	  9.4887˚S,	  Elevation	  1	  m)	  
	   Sample	  89321c	  is	  a	  fine-­‐grained	  eclogite	  composed	  of	  clinopyroxene	  (omphacite)	  +	  
garnet	  +	  phengite	  +	  coesite	  +	  quartz	  +	  hornblende	  +	  zoisite	  +	  apatite	  +	  rutile	  +	  zircon	  
(Figure	  7;	  Zirakparvar	  et	  al.,	  2014).	  Garnets	  in	  the	  sample	  are	  idioblastic,	  average	  ~	  1	  mm	  
in	  diameter,	  and	  are	  evenly	  distributed	  throughout	  the	  thin	  section.	  The	  garnet	  grains	  are	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fractured,	  but	  generally	  have	  few	  inclusions.	  Some	  grains	  have	  abundant	  microinclusions	  in	  
their	  cores.	  Omphacite	  grains	  in	  the	  sample	  appear	  to	  have	  grown	  around	  and	  after	  the	  
garnets,	  and	  are	  primarily	  xenoblastic,	  ranging	  in	  diameter	  from	  <	  0.5	  mm	  to	  >	  1	  mm.	  The	  
omphacite	  grains	  have	  minimal	  inclusions,	  with	  the	  exception	  of	  the	  coesite	  inclusion,	  and	  
strong	  cleavage.	  There	  is	  no	  prevailing	  grain	  orientation	  in	  the	  thin	  section.	  Phengitic	  white	  
mica	  grains	  are	  xenoblastic,	  though	  some	  grains	  still	  have	  an	  overall	  bladed	  habit.	  Grains	  
are	  small,	  generally	  ~0.3	  mm	  across	  and	  ~	  1	  mm	  long.	  The	  phengite	  grains	  tend	  to	  have	  
few	  inclusions,	  (e.g.,	  primarily	  rutile).	  The	  phengite	  grain	  boundaries	  can	  be	  irregular,	  and	  
they	  are	  primarily	  surrounded	  by	  garnet	  and	  pyroxene	  grains.	  	  
	  
TLPNG	  10-­‐058a	  (Goodenough	  Island,	  150.18887˚E,	  9.28728˚S,	  Elevation	  1100	  m)	  
	   TLPNG	  10-­‐058a	  is	  a	  medium	  to	  fine-­‐grained	  gneiss	  composed	  of	  plagioclase	  feldspar	  
+	  potassium	  feldspar	  +	  muscovite	  +	  biotite	  +	  quartz	  +	  chlorite	  +	  rutile	  (Figure	  8).	  A	  thin	  
section	  is	  dominated	  by	  large	  grains	  of	  plagioclase	  feldspar	  (with	  potassium	  feldspar	  
inclusions)	  showing	  brittle	  fractures	  and	  surrounded	  by	  biotite	  bands	  that	  define	  the	  
foliation.	  Small	  grains	  of	  quartz,	  showing	  ragged	  edges	  and	  uniform	  extinction,	  are	  located	  
at	  the	  edges	  of	  the	  feldspar	  grains	  and	  throughout	  the	  matrix.	  Muscovite	  is	  generally	  
oriented	  parallel	  to	  the	  foliation	  of	  the	  sample,	  though	  some	  grains	  are	  nearly	  equant.	  The	  
muscovite	  grains	  in	  this	  sample	  are	  idioblastic	  to	  hypidioblastic,	  showing	  characteristic,	  
bladed	  mica	  grains	  with	  semi-­‐rounded	  corners.	  	  Biotite	  appears	  as	  rims	  surrounding	  all	  of	  
the	  muscovite	  grains,	  indicative	  of	  a	  retrograde	  metamorphic	  reaction.	  Biotite	  is	  more	  
prevalent	  at	  the	  ends	  of	  the	  bladed	  muscovite	  grains,	  and	  less	  apparent	  along	  the	  sides	  of	  
the	  grains.	  	  Muscovite	  grains	  tend	  to	  have	  very	  few	  fractures	  or	  inclusions,	  with	  the	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exception	  of	  some	  rutile	  inclusions,	  which	  are	  present	  throughout	  the	  sample.	  The	  
muscovite	  grains	  are	  generally	  ~0.3	  mm	  in	  width	  and	  ~	  0.5	  mm	  in	  length	  (Figure	  8).	  
Chlorite	  is	  a	  minor	  phase,	  with	  one	  notable	  cluster	  of	  4-­‐5	  grains	  in	  the	  sample.	  The	  chlorite	  
grains	  are	  idioblastic,	  bladed	  mica	  grains,	  and	  all	  chlorite	  displays	  a	  ‘berlin-­‐blue’	  anomalous	  
interference	  color.	  Rutile	  occurs	  throughout	  the	  sample,	  as	  rounded	  or	  elongated	  inclusions	  
in	  most	  mineral	  grains,	  as	  well	  as	  within	  the	  matrix.	  There	  is	  no	  apparent	  orientation	  of	  the	  
rutile	  grains	  with	  respect	  to	  the	  foliation.	  	  
	  
Methods	  
Electron	  Microprobe	  Analysis	  
Major	  element	  concentration	  maps	  and	  spot	  analyses	  were	  collected	  using	  a	  Cameca	  
SX-­‐100	  electron	  microprobe	  (EMP)	  at	  Rensselaer	  Polytechnic	  Institute	  (RPI).	  The	  major	  
element	  maps	  were	  run	  at	  100	  nA	  and15	  kV,	  with	  a	  300	  ms	  dwell	  time	  per	  pixel	  (Appendix	  
A).	  For	  each	  sample,	  the	  relative	  concentrations	  of	  elements	  were	  analyzed	  over	  the	  same	  
area	  of	  the	  thin	  section,	  creating	  a	  relative	  concentration	  of	  ten	  major	  elements	  for	  each	  
element	  map.	  Quantitative	  spot	  analyses	  run	  at	  10	  nA	  and	  15	  kV	  were	  completed	  after	  the	  
major	  element	  maps	  were	  made	  (Appendix	  B).	  Spot	  analyses	  were	  performed	  in	  the	  same	  
location	  on	  the	  mica	  as	  the	  X-­‐ray	  maps,	  following	  the	  procedure	  of	  De	  Andrade	  et	  al.	  
(2006).	  
	  
X-­‐Ray	  Fluorescence	  Analysis	  
Whole	  rock	  samples	  were	  powdered	  using	  an	  alumina	  shatter	  box	  at	  Syracuse	  
University.	  X-­‐ray	  fluorescence	  (XRF)	  data	  were	  collected	  at	  Washington	  State	  University	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GeoAnalytical	  Facility,	  following	  the	  methods	  outlined	  in	  Johnson	  et	  al,	  (1999).	  The	  powder	  
was	  fused	  into	  beads	  with	  a	  lithium	  tetraborate	  flux	  in	  graphite	  crucibles	  and	  heated	  to	  
~1000˚	  C	  for	  XRF	  analysis	  (Zirakparvar	  et	  al.,	  2013).	  Ten	  major	  and	  twenty-­‐seven	  minor	  
elements	  were	  analyzed.	  The	  ten	  major	  elements	  (Si,	  Al,	  Ti,	  Fe,	  Mn,	  Mg,	  Ca,	  Na,	  K,	  P)	  were	  
used	  in	  this	  study	  to	  create	  equilibrium	  assemblage	  diagrams	  (Table	  2).	  
	  
XMapTools	  
	   The	  Matlab-­‐based	  program	  XMapTools	  combines	  relative-­‐concentration	  major	  
element	  chemical	  maps	  of	  mica	  grains	  with	  spot	  chemical	  composition	  analyses	  to	  assign	  a	  
chemical	  composition	  to	  each	  pixel	  of	  the	  grain	  image	  (Appendix	  D).	  This	  process	  creates	  
chemical	  compositions	  which	  are	  used	  with	  calibrated	  barometers	  to	  produce	  thousands	  of	  
individual	  pressure	  estimates	  for	  a	  single	  mica	  grain	  (De	  Andrade	  et	  al.,	  2006;	  Lanari	  et	  al.,	  
2011,	  2014).	  XMapTools	  uses	  the	  Si-­‐in-­‐phengite	  barometer	  to	  estimate	  pressures	  for	  
phengite	  grains	  (Figure	  3;	  De	  Andrade	  et	  al.,	  2006;	  Lanari	  et	  al.,	  2011,	  2013).	  Qualitative	  
chemical	  element	  maps	  of	  ten	  major	  elements	  for	  the	  same	  location	  are	  digitally	  ‘stacked’	  
and	  combined	  with	  calibrated,	  quantitative	  chemical	  composition	  spot	  analyses	  to	  create	  
an	  estimated	  quantitative	  chemical	  composition	  for	  each	  pixel	  of	  the	  mapped	  area	  (Figure	  
4).	  Each	  individual	  pixel	  can	  then	  be	  used	  to	  create	  a	  separate	  pressure	  estimate,	  using,	  for	  
example,	  the	  Si-­‐in-­‐phengite	  barometer,	  to	  create	  thousands	  of	  pressure	  estimates	  from	  a	  
single	  mineral	  grain	  (De	  Andrade	  et	  al.,	  2006).	  XMapTools	  sorts	  the	  mineral	  grains	  into	  
XMapTools	  features	  built-­‐in	  geothermometers	  and	  geobarometers	  for	  a	  variety	  of	  mineral	  
species,	  including	  the	  Si-­‐in-­‐phengite	  barometer	  for	  white	  mica	  grains.	  The	  program	  uses	  
the	  chemical	  composition	  of	  each	  pixel	  to	  sort	  the	  pixels	  into	  minerals	  on	  the	  basis	  of	  their	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composition.	  Each	  grouping	  of	  pixels	  that	  makes	  up	  a	  mineral	  can	  be	  used	  separately,	  so	  
that	  the	  phengite	  barometer	  is	  used	  only	  on	  pixels	  with	  a	  phengitic	  composition	  (Figure	  5;	  
De	  Andrade	  et	  al.,	  2006).	  	  
	  
Si-­‐in-­‐Phengite	  Barometry	  
	   Si-­‐in-­‐phengite	  barometry	  has	  been	  used	  for	  decades	  to	  estimate	  the	  pressures	  of	  
formation	  of	  white	  mica	  (Massonne	  and	  Schreyer,	  1987).	  The	  barometer	  is	  calibrated	  for	  
rocks	  containing	  K-­‐feldspar,	  quartz	  and	  phlogopite	  in	  the	  K2O-­‐MgO-­‐Al2O3-­‐SiO2-­‐H2O	  
(KMASH)	  system	  (Massonne	  and	  Schreyer,	  1987).	  The	  amount	  of	  Si	  per	  formula	  unit	  (p.f.u.)	  
in	  a	  white	  mica	  grain	  has	  an	  almost	  linear	  correlation	  to	  the	  pressure	  of	  formation	  of	  that	  
grain	  (Figure	  6;	  Massonne	  and	  Schreyer,	  1987).	  This	  relationship	  can	  be	  seen	  in	  a	  diagram	  
in	  which	  Si	  p.f.u.	  vs.	  Al	  p.f.u.	  is	  plotted,	  because	  the	  excess	  Si	  substitutes	  for	  AlIV	  in	  the	  
muscovite	  crystal.	  Therefore,	  it	  is	  expected	  that	  an	  increase	  in	  Si	  p.f.u.	  will	  correspond	  to	  a	  
decrease	  in	  Al	  p.f.u.	  (Figure	  6).	  The	  Si-­‐in-­‐phengite	  barometer	  is	  only	  applicable	  to	  samples	  
with	  a	  felsic	  bulk	  composition,	  however,	  and	  will	  only	  provide	  minimum	  pressure	  
estimates	  for	  mafic	  bulk	  compositions	  (Massonne	  and	  Schreyer,	  1987).	  The	  Si-­‐in-­‐phengite	  
barometer	  requires	  a	  felsic	  bulk	  composition	  in	  order	  to	  control	  the	  activity	  of	  specific	  
elements,	  most	  importantly	  Si	  and	  Al	  (Massonne	  and	  Schreyer,	  1987).	  The	  activities	  of	  Si	  
and	  Al	  cannot	  be	  properly	  constrained	  in	  samples	  with	  a	  mafic	  bulk	  composition.	  
	  
Ti-­‐in-­‐Phengite	  Barometry	  
For	  the	  Ti-­‐in-­‐phengite	  barometer,	  the	  titanium	  content	  in	  phengite	  is	  used	  to	  
estimate	  the	  pressure	  or	  temperature	  of	  formation	  of	  the	  mineral.	  Unlike	  the	  Si-­‐in-­‐phengite	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barometer,	  the	  Ti-­‐in-­‐phengite	  barometer	  is	  very	  temperature	  dependent,	  and	  a	  highly-­‐
constrained	  temperature	  estimate	  is	  crucial	  for	  obtaining	  a	  usable	  pressure	  estimate.	  There	  
is	  a	  strong	  positive	  correlation	  of	  the	  amount	  of	  titanium	  in	  phengite	  with	  increasing	  
temperature,	  and	  a	  negative	  correlation	  of	  the	  amount	  of	  titanium	  in	  phengite	  with	  
increasing	  pressure.	  The	  Ti-­‐in-­‐phengite	  barometer	  is	  experimentally	  calibrated	  at	  
temperatures	  between	  790˚	  and	  1050˚	  C,	  and	  was	  extrapolated	  to	  600˚	  C	  by	  the	  original	  
authors	  (Auzanneau	  et	  al.,	  2010).	  	  
The	  barometer	  is	  plotted	  on	  a	  P-­‐T	  diagram	  that	  shows	  how	  the	  amount	  of	  Ti	  p.f.u.	  
changes	  with	  changing	  pressure	  or	  temperature	  conditions.	  Titanium	  isopleths	  are	  lines	  on	  
the	  P-­‐T	  diagram	  that	  represent	  constant	  Ti	  content	  (e.g.,	  at	  any	  point	  on	  the	  Ti=0.05	  
isopleth,	  the	  amount	  of	  Ti	  is	  0.05;	  Auzanneau	  et	  al.,	  2010).	  To	  estimate	  pressure,	  the	  upper	  
and	  lower	  limits	  of	  the	  independent	  temperature	  estimate	  are	  applied	  to	  the	  Ti	  isopleth	  
that	  matches	  the	  Ti	  content	  of	  the	  sample	  (Figure	  9).	  The	  pressures	  at	  which	  the	  upper	  and	  
lower	  boundaries	  of	  the	  temperature	  estimate	  intersect	  the	  Ti	  isopleth	  are	  the	  upper	  and	  
lower	  limits	  of	  the	  pressure	  estimate	  (Figure	  9).	   	  
	  
Equilibrium	  Assemblage	  Diagrams	  
XRF	  bulk-­‐rock	  composition	  data	  are	  used	  to	  create	  equilibrium	  assemblage	  
diagrams	  (Appendix	  C;	  De	  Capitani	  and	  Petrakakis,	  2010).	  Equilibrium	  assemblage	  
diagrams	  use	  the	  bulk	  composition	  of	  a	  rock	  to	  determine	  what	  minerals	  would	  define	  an	  
equilibrium	  assemblage	  at	  different	  pressures	  and	  temperatures,	  assuming	  conditions	  
were	  ideal	  (i.e.,	  time	  for	  the	  sample	  to	  equilibrate,	  homogenous	  bulk	  composition).	  The	  
diagrams	  may	  thus	  be	  compared	  with	  modal	  mineral	  assemblages	  to	  assess	  if	  equilibrium	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was	  achieved	  in	  the	  rock	  (De	  Capitani	  and	  Petrakakis,	  2010).	  Equilibrium	  assemblage	  
diagrams	  were	  created	  using	  the	  program	  Theriak	  Domino	  (De	  Capitani	  and	  Petrakakis,	  
2010).	  Parameters	  set	  by	  the	  user	  include	  the	  bulk	  composition	  of	  the	  rock	  (based	  on	  XRF	  
data),	  the	  amount	  of	  water	  in	  the	  rock,	  determined	  by	  loss	  on	  ignition	  (LOI)	  of	  the	  sample	  
prior	  to	  XRF	  analysis,	  and	  the	  pressure	  and	  temperature	  range	  of	  interest,	  based	  on	  the	  
observed	  mineral	  assemblage.	  With	  this	  information,	  Theriak-­‐Domino	  creates	  a	  diagram	  
with	  the	  lowest	  possible	  change	  in	  Gibb’s	  free	  energy	  (ΔG)	  at	  each	  point	  (the	  definition	  of	  
equilibrium	  is	  when	  ΔG	  =	  0;	  De	  Capitani	  and	  Petrakakis,	  2010).	  The	  program	  also	  calculates	  
the	  position	  of	  reaction	  lines	  in	  P-­‐T	  space,	  indicating	  the	  pressure	  and	  temperature	  at	  
which	  a	  mineral	  phase	  is	  either	  introduced	  or	  eliminated	  from	  the	  assemblage.	  This	  may	  be	  
a	  simple	  ‘mineral-­‐in’	  or	  ‘mineral-­‐out’	  reaction,	  or	  it	  may	  involve	  the	  replacement	  of	  one	  
mineral	  with	  another.	  An	  equilibrium	  assemblage	  diagram	  can	  be	  used	  to	  understand	  the	  
state	  of	  (dis)equilibrium	  in	  a	  sample	  by	  comparing	  the	  known	  mineral	  assemblage	  of	  the	  
rock	  (from	  petrographic	  analysis)	  to	  the	  ideal	  equilibrium	  assemblage	  (De	  Capitani	  and	  
Petrakakis,	  2010).	  
	  
Results	  
89321c,	  mafic	  bulk	  composition	  
	   Since	  the	  titanium	  content	  in	  phengite	  decreases	  with	  increasing	  pressure,	  the	  
lowest	  reproducible	  Ti	  content	  (0.035	  p.f.u	  (~0.67	  Ti	  wt	  %	  oxide);	  Table	  1)	  was	  used	  to	  
obtain	  a	  peak	  pressure	  estimate	  (Figure	  9;	  Auzanneau	  et	  al.,	  2010).	  As	  mentioned	  
previously,	  the	  temperature	  of	  the	  coesite-­‐bearing	  eclogite	  has	  been	  estimated	  using	  
several	  different	  methods.	  Temperatures	  of	  600-­‐750˚	  C,	  650-­‐675˚	  C	  and	  695-­‐743˚	  C	  for	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peak	  temperature	  were	  estimated	  using	  garnet-­‐pyroxene	  thermometry,	  Ti-­‐in-­‐zircon	  
thermometry	  and	  Zr-­‐in-­‐rutile	  thermometry,	  respectively	  (Figure	  2;	  Baldwin	  et	  al.,	  2008).	  
The	  Ti-­‐in-­‐phengite	  barometer	  was	  applied	  using	  temperatures	  derived	  from	  both	  trace-­‐
element	  thermometers.	  Between	  650-­‐675	  ˚	  C	  (from	  the	  Ti-­‐in-­‐Zircon	  thermometer),	  
pressures	  were	  estimated	  between	  16-­‐22	  kbar	  (Figure	  9).	  The	  temperature	  range	  of	  695-­‐
743˚	  C	  (from	  the	  Zr-­‐in-­‐Rutile	  thermometer)	  produced	  a	  pressure	  estimate	  of	  27-­‐38	  kbar.	  
Temperatures	  determined	  using	  trace-­‐element	  thermometers	  were	  calculated	  for	  a	  given	  
pressure	  (28	  kbar),	  and	  are	  therefore	  suitable	  for	  estimating	  peak	  pressures	  of	  the	  coesite-­‐
bearing	  eclogite	  with	  the	  Ti-­‐in-­‐phengite	  barometer,	  since	  coesite	  is	  present.	  The	  pressure	  
estimates	  obtained	  using	  the	  Ti-­‐in-­‐phengite	  barometer	  do	  not	  overlap.	  	  The	  Ti-­‐in-­‐zircon	  
thermometer	  hasn’t	  been	  calibrated	  for	  the	  effect	  of	  pressure	  on	  the	  solubility	  of	  Ti	  in	  the	  
zircon	  structure	  (Figure	  9;	  J.	  Thomas,	  Pers.	  Comm.).	  However,	  any	  pressure	  effect	  would	  
cause	  the	  temperature	  estimate	  to	  increase,	  bringing	  it	  closer	  to	  the	  temperature	  estimated	  
using	  the	  Zr-­‐in-­‐rutile	  thermometer,	  and	  thus	  raising	  the	  pressure	  estimate	  (J.	  Thomas,	  pers.	  
comm.).	  
The	  equilibrium	  assemblage	  diagram	  for	  the	  coesite-­‐bearing	  eclogite,	  89321c,	  
shows	  that	  no	  P-­‐T	  range	  fully	  represents	  the	  mineral	  assemblage	  observed	  in	  the	  thin	  
section	  (Figure	  11).	  The	  equilibrium	  assemblage	  diagram	  for	  the	  coesite-­‐bearing	  eclogite	  
most	  closely	  approximates	  this	  assemblage	  between	  ~16-­‐17	  kbar	  and	  625-­‐650˚	  C,	  with	  an	  
assemblage	  of	  	  quartz	  +	  amphibole	  +	  white	  mica	  +	  rutile	  +	  garnet	  +	  omphacite	  +	  biotite	  +	  
orthopyroxene.	  Biotite	  and	  orthpyroxene	  are	  present	  in	  the	  pseudosection,	  and	  are	  part	  of	  
the	  ‘best-­‐fit’	  assemblage.	  However,	  they	  are	  not	  observed	  in	  the	  thin	  section	  of	  the	  coesite-­‐
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bearing	  eclogite	  sample,	  again	  indicating	  that	  on	  the	  scale	  of	  the	  thin	  section,	  a	  
disequilibrium	  assemblage	  is	  preserved.	  
	  
TLPNG	  10-­‐058a,	  felsic	  bulk	  composition	  
The	  Si-­‐in-­‐phengite	  barometer	  requires	  the	  input	  of	  an	  independent	  temperature	  
estimate	  to	  produce	  pressure	  estimates	  (Figure	  10;	  Massonne	  and	  Schreyer,	  1987;	  De	  
Andrade	  et	  al.,	  2006).	  The	  ~1.5	  Ma	  gneiss	  sample	  has	  several	  independently	  constrained	  
temperature	  estimates.	  However,	  these	  estimates	  are	  not	  in	  agreement	  with	  each	  other.	  Ti-­‐
in-­‐quartz	  thermometry	  indicates	  a	  mean	  preserved	  temperature	  of	  587	  ±	  49˚	  C	  (Sample	  10-­‐
058a	  in	  Korchinski	  et	  al.,	  2012).	  Meanwhile,	  the	  40Ar/39Ar	  muscovite	  age	  of	  1.57	  ±	  0.08	  Ma	  
suggests	  that	  the	  muscovite	  grains	  were	  below	  ~	  425˚	  C	  by	  this	  time,	  on	  the	  basis	  of	  the	  
closure	  temperature	  for	  muscovite.	  It	  is	  possible	  to	  grow	  white	  mica	  below	  the	  closure	  
temperature	  (Harrison	  et	  al.,	  2009).	  Additionally,	  the	  apatite	  fission	  track	  age	  for	  the	  
sample	  (~1.5	  Ma)	  indicates	  cooling	  below	  ~120˚	  C	  by	  this	  time	  (P.	  Fitzgerald,	  pers.	  comm.).	  
Given	  the	  wide	  range	  of	  temperature	  estimates	  available,	  pressure	  estimates	  were	  made	  
over	  a	  wide	  range	  of	  temperatures	  to	  examine	  how	  temperature	  affects	  the	  pressure	  
estimate	  for	  this	  sample.	  Over	  the	  range	  of	  200˚-­‐500˚	  C,	  the	  calculated	  pressure	  increased	  1	  
kbar	  per	  100˚	  C	  (Figures	  13).	  At	  200˚	  C,	  for	  example,	  the	  pressure	  estimate	  is	  3	  ±	  1	  kbar,	  
whereas	  at	  300˚	  C	  the	  pressure	  estimate	  is	  4	  ±	  1	  kbar	  (Figure	  14).	  Over	  the	  large	  
temperature	  range	  of	  200-­‐500˚	  C,	  all	  pressure	  estimates	  place	  the	  sample	  at	  crustal	  levels	  
at	  ~1.5	  Ma	  (~	  10-­‐30	  km;	  Thompson,	  1992).	  	  
An	  equilibrium	  assemblage	  diagram	  was	  created	  for	  sample	  TLPNG	  10-­‐058a	  using	  
the	  bulk	  composition	  obtained	  using	  XRF,	  and	  assuming	  that	  loss	  on	  ignition	  (LOI)	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represents	  the	  amount	  of	  volatiles	  in	  the	  sample	  (Figure	  12).	  The	  composition	  including	  
LOI	  was	  normalized	  to	  100	  before	  being	  input	  into	  the	  Theriak-­‐Domino	  program.	  As	  with	  
the	  coesite-­‐bearing	  eclogite	  equilibrium	  assemblage	  diagram,	  there	  was	  no	  P-­‐T	  range	  on	  
the	  diagram	  with	  an	  assemblage	  that	  matched	  the	  mineral	  assemblage	  observed	  in	  thin	  
section.	  However,	  the	  ‘closest’	  assemblage	  on	  the	  diagram	  contains	  nearly	  all	  of	  the	  
observed	  minerals,	  specifically	  feldspar	  +	  quartz	  +	  muscovite	  +	  amphibole	  +	  biotite.	  This	  
assemblage	  ranges	  from	  ~200-­‐300˚	  C,	  and	  from	  ~1-­‐7	  kbar	  (Figure	  12).	  	  
	  
Discussion	  
Si-­‐in-­‐Phengite	  Barometry	  
	   XMapTools	  combines	  qualitative	  chemical	  maps	  and	  quantitative	  chemical	  analyses	  
to	  create	  thousands	  of	  P-­‐T	  estimates	  from	  a	  single	  mineral	  grain.	  The	  available	  
thermometers	  and	  barometers	  that	  can	  be	  applied	  using	  the	  program	  are	  limited,	  however.	  
For	  phengite,	  the	  only	  barometer	  available	  is	  the	  Si-­‐in-­‐phengite	  barometer	  (Massonne	  and	  
Schreyer,	  1987;	  De	  Andrade	  et	  al.,	  2006).	  The	  ~	  1.5	  Ma	  gneiss,	  (figures	  12,	  14),	  has	  a	  bulk	  
composition	  similar	  to	  the	  calibration	  composition.	  The	  mid-­‐crustal	  pressure	  estimates	  
obtained	  using	  the	  Si-­‐in-­‐phengite	  barometer	  are	  logical,	  given	  the	  very	  young	  age	  of	  the	  
sample,	  and	  assuming	  that	  the	  gneiss	  is	  part	  of	  the	  (U)HP	  terrane.	  	  
The	  coesite-­‐bearing	  eclogite,	  by	  comparison,	  has	  a	  mafic	  bulk	  composition,	  and	  does	  
not	  contain	  any	  K-­‐feldspar	  or	  phlogopite.	  Therefore,	  the	  Si-­‐in-­‐phengite	  barometer	  cannot	  
be	  applied	  to	  the	  coesite-­‐bearing	  eclogite	  sample.	  Instead,	  another	  barometer	  was	  used,	  the	  
Ti-­‐in-­‐phengite	  barometer	  (Auzanneau	  et	  al.,	  2010).	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Ti-­‐in-­‐Phengite	  Barometry	  
For	  the	  coesite-­‐bearing	  eclogite,	  using	  Ti-­‐in-­‐zircon	  thermometry	  and	  Zr-­‐in-­‐rutile	  
thermometry	  estimates	  of	  650-­‐675˚	  C	  and	  695-­‐743˚	  C,	  respectively,	  resulted	  in	  very	  
different	  pressure	  estimates	  (16-­‐22	  kbar	  for	  the	  Ti-­‐in-­‐zircon	  temperature	  range	  and	  27-­‐38	  
kbar	  for	  the	  Zr-­‐in-­‐rutile	  temperature	  range;	  Figure	  9;	  Baldwin	  et	  al.,	  2008).	  However,	  this	  
does	  not	  mean	  that	  either	  pressure	  estimate	  is	  incorrect.	  The	  disequilibrium	  assemblage	  
preserved	  in	  the	  coesite-­‐bearing	  eclogite,	  evidenced	  by	  the	  presence	  of	  minerals	  with	  non-­‐
overlapping	  stability	  fields,	  could	  also	  preserve	  zircon	  and	  rutile	  crystals	  that	  record	  
different	  P-­‐T	  conditions.	  
	  
Zirconium	  Mass	  Balance	  
Zircons	  are	  created	  and	  dissolved	  constantly	  over	  a	  large	  P-­‐T	  range,	  depending	  on	  
the	  availability	  of	  zirconium	  (Kohn	  et	  al.,	  2015).	  The	  availability	  of	  Zr	  for	  zircon	  growth	  
depends	  on	  the	  mineral	  assemblage	  in	  the	  rock,	  since	  some	  minerals	  (e.g.,	  garnet)	  contain	  
more	  Zr	  whereas	  others	  (e.g.,	  plagioclase)	  contain	  less.	  Therefore,	  a	  change	  in	  the	  mineral	  
assemblage	  from	  a	  mineral	  with	  a	  higher	  Zr	  content	  to	  a	  mineral	  with	  a	  lower	  Zr	  content	  
will	  allow	  for	  new	  zircon	  growth,	  whereas	  a	  phase	  change	  in	  the	  opposite	  direction	  (lower	  
Zr	  content	  mineral	  assemblage	  to	  a	  higher	  Zr	  content	  mineral	  assemblage)	  will	  inhibit	  
zircon	  growth,	  and	  may	  induce	  zircon	  dissolution	  (Kohn	  et	  al.,	  2015).	  Zircon	  formation	  in	  
mafic	  rocks	  such	  as	  eclogites	  may	  not	  occur	  at	  (U)HP	  conditions,	  since	  the	  major	  mineral	  
assemblage	  of	  eclogite	  may	  sequester	  a	  large	  amount	  of	  Zr.	  If	  zircons	  form	  in	  (U)HP	  rocks	  
on	  the	  retrograde	  path	  (<	  15	  kbar),	  then	  the	  Ti-­‐in-­‐Zircon	  thermometry	  estimate	  may	  not	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represent	  the	  temperature	  at	  the	  peak	  (U)HP	  conditions,	  but	  reflect	  a	  later	  temperature	  at	  
a	  lower	  pressure	  (Kohn	  et	  al.,	  2015).	  	  
	  
Titanium	  Mass	  Balance	  
The	  temperature	  recorded	  by	  the	  Ti-­‐in-­‐rutile	  thermometer	  is	  dependent	  on	  the	  
stability	  range	  of	  rutile.	  The	  stability	  of	  rutile	  is	  based	  on	  the	  availability	  of	  titanium,	  the	  
bulk	  composition,	  and	  the	  mineral	  assemblage	  of	  the	  rock.	  In	  the	  equilibrium	  assemblage	  
diagram	  for	  the	  coesite-­‐bearing	  eclogite,	  rutile	  is	  stable	  over	  almost	  the	  entire	  area,	  and	  is	  
stable	  at	  pressures	  above	  the	  quartz-­‐coesite	  boundary	  (Figure	  11).	  Of	  minerals	  in	  the	  
coesite-­‐bearing	  eclogite	  assemblage,	  phengite	  contains	  the	  highest	  amount	  of	  titanium	  
(excluding	  rutile),	  whereas	  garnet	  and	  clinopyroxene	  contain	  smaller	  (but	  still	  significant)	  
amounts	  of	  titanium	  (Table	  1).	  All	  of	  these	  phases	  are	  stable	  over	  a	  large,	  high-­‐pressure	  
area.	  Amphibole,	  stable	  at	  lower	  pressures	  and	  present	  in	  the	  coesite-­‐bearing	  eclogite,	  also	  
contains	  titanium.	  The	  stability	  of	  amphibole	  could	  affect	  the	  overall	  titanium	  budget	  for	  
the	  rock	  at	  lower	  pressures.	  Combining	  the	  titanium	  content	  of	  the	  major	  phases	  (garnet,	  
phengite,	  etc.)	  with	  the	  stability	  of	  zircon	  over	  the	  P-­‐T	  area	  of	  interest	  indicates	  that	  the	  Zr-­‐
in-­‐rutile	  thermometer	  may	  be	  more	  reliable	  at	  higher	  pressures	  than	  the	  Ti-­‐in-­‐zircon	  
thermometer	  for	  the	  coesite-­‐bearing	  eclogite	  mineral	  assemblage.	  
	  
Equilibrium	  Assemblage	  Diagrams	  
	   The	  equilibrium	  assemblage	  diagram	  for	  the	  coesite-­‐bearing	  eclogite	  demonstrates	  
the	  disequilibrium	  in	  the	  sample.	  For	  example,	  in	  the	  equilibrium	  assemblage	  diagram,	  
amphibole	  and	  coesite	  cannot	  coexist	  because	  they	  have	  non-­‐overlapping	  stability	  fields	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(Figure	  11).	  Thus,	  the	  coexistence	  of	  amphibole	  and	  coesite	  in	  the	  thin	  section	  indicates	  
some	  degree	  of	  disequilibrium	  in	  the	  coesite-­‐bearing	  eclogite	  assemblage	  (Figure	  11).	  
Additionally,	  there	  is	  only	  a	  small	  area	  of	  the	  equilibrium	  assemblage	  diagram	  in	  which	  
both	  amphibole	  and	  white	  mica	  are	  stable,	  between	  ~	  16-­‐17	  kbar	  and	  ~625-­‐650˚	  C.	  This	  is	  
the	  area	  of	  the	  diagram	  that	  most	  closely	  predicts	  the	  assemblage	  observed	  in	  the	  coesite-­‐
bearing	  eclogite	  sample.	  However,	  even	  in	  this	  P-­‐T	  range,	  other	  minerals	  are	  shown	  as	  
stable	  on	  the	  equilibrium	  assemblage	  diagram	  that	  are	  not	  present	  in	  the	  sample	  itself,	  
particularly	  biotite	  and	  orthopyroxene.	  Therefore,	  while	  the	  equilibrium	  assemblage	  
diagram	  does	  not	  accurately	  represent	  the	  actual	  coesite-­‐bearing	  eclogite	  mineral	  
assemblage	  over	  any	  P-­‐T	  range,	  it	  does	  provide	  a	  context	  that	  shows	  how	  the	  sample	  may	  
have	  evolved	  and	  changed	  over	  time,	  especially	  when	  combined	  with	  textural	  observations	  
from	  the	  thin	  section.	  For	  example,	  the	  pyroxene	  grain	  surrounding	  the	  coesite	  inclusion	  
has	  many	  fractures	  radiating	  outwards	  from	  the	  coesite	  grain.	  This	  indicates	  that	  pressure	  
decreased	  since	  the	  formation	  of	  the	  coesite,	  and	  the	  resulting	  depressurization	  caused	  a	  
partial	  phase	  change	  to	  quartz	  in	  the	  coesite	  grain,	  causing	  an	  increase	  in	  the	  volume	  of	  the	  
inclusion	  and	  fracturing	  its	  host	  pyroxene	  grain	  (Chopin,	  1984;	  Smith,	  1984;	  Baldwin	  et	  al.,	  
2008).	  	  
Another	  mafic	  eclogite,	  from	  the	  same	  locality	  as	  the	  coesite-­‐bearing	  eclogite,	  and	  
referenced	  as	  the	  coesite-­‐bearing	  eclogite,	  was	  previously	  used	  to	  create	  a	  bulk-­‐
composition	  pseudosection	  (Brownlee	  et	  al.,	  2011).	  This	  earlier	  pseudosection	  was	  created	  
using	  the	  program	  Perple_X,	  and	  was	  created	  to	  provide	  context	  for	  seismological	  and	  
velocity	  structure	  data	  (Brownlee	  et	  al.,	  2011).	  The	  volatile	  content	  entered	  into	  the	  
calculations	  was	  lowered	  until	  the	  pseudosection	  showed	  the	  same	  mineral	  compositions	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observed	  in	  the	  natural	  sample,	  a	  method	  not	  applied	  here.	  Additionally,	  the	  bulk	  
composition	  for	  the	  earlier	  pseudosection	  does	  not	  match	  the	  bulk	  composition	  of	  the	  
coesite-­‐bearing	  eclogite	  used	  in	  this	  study,	  and	  phosphorus	  was	  entirely	  omitted	  from	  the	  
calculations	  of	  Brownlee	  et	  al.	  (2011).	  The	  pseudosection	  of	  Brownlee	  (2011)	  also	  does	  not	  
list	  the	  individual	  minerals	  that	  are	  stable,	  but	  instead	  describes	  that	  stability	  fields	  as	  
types	  of	  eclogites	  (e.g.,	  coesite-­‐phengite	  eclogite,	  or	  mica-­‐amphibole	  eclogite).	  The	  minerals	  
that	  are	  grouped	  together	  as	  ‘eclogite’	  are	  not	  defined	  (Brownlee	  et	  al.,	  2011).	  Therefore,	  
this	  earlier	  work	  cannot	  be	  compared	  to	  the	  equilibrium	  assemblage	  diagrams	  in	  this	  
study.	  
The	  equilibrium	  assemblage	  diagram	  for	  sample	  TLPNG	  10-­‐058a	  also	  shows	  that	  
the	  sample	  preserves	  a	  disequilibrium	  mineral	  assemblage,	  although	  the	  difference	  
between	  the	  diagram	  and	  observed	  mineral	  assemblages	  in	  thin	  section	  is	  markedly	  less	  
than	  for	  the	  coesite-­‐bearing	  eclogite	  (Figure	  12).	  One	  issue	  in	  using	  an	  equilibrium	  
assemblage	  diagram	  to	  understand	  the	  possible	  P-­‐T	  conditions	  of	  a	  sample	  is	  that	  the	  
program	  used	  to	  generate	  the	  diagrams,	  Theriak-­‐Domino,	  does	  not	  distinguish	  between	  
different	  types	  of	  feldspars.	  Thus,	  no	  distinction	  was	  made	  between	  plagioclase	  and	  
potassium	  feldspars	  in	  the	  equilibrium	  assemblage	  diagram,	  though	  both	  are	  present	  in	  
thin	  section	  (Figure	  12).	  Additionally,	  omphacite	  appears	  on	  the	  diagram,	  but	  was	  not	  
resolved	  correctly,	  and	  could	  not	  be	  displayed.	  Omphacite	  is	  not	  present	  in	  the	  thin	  section	  
of	  the	  sample.	  Garnet	  also	  appears	  on	  the	  diagram	  but	  is	  not	  present	  in	  the	  sample.	  
	   The	  incongruous	  assemblages	  in	  the	  equilibrium	  assemblage	  diagram	  compared	  to	  
the	  assemblage	  observed	  in	  the	  thin	  section	  also	  highlights	  the	  need	  for	  single-­‐phase	  
thermometers	  and	  barometers	  which	  depend	  on	  equilibrium	  between	  fewer	  mineral	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phases	  to	  produce	  P-­‐T	  estimates	  as	  compared	  to	  conventional	  thermobarometry.	  
Equilibrium	  may	  be	  achieved	  on	  a	  small	  (grain-­‐sized)	  scale	  even	  when	  the	  sample	  is	  not	  
equilibrated	  on	  the	  thin	  section	  or	  whole-­‐rock	  scale.	  It	  is	  still	  important	  that	  samples	  have	  
similar	  mineral	  assemblages	  to	  those	  with	  which	  the	  thermometers	  and	  barometers	  are	  
calibrated	  (Massonne	  and	  Schreyer,	  1987;	  Auzanneau	  et	  al.,	  2010).	  	  
	  
Interpretation	  
	   The	  coesite-­‐bearing	  eclogite	  was	  in	  the	  coesite	  field	  ~	  8-­‐7	  Ma,	  a	  conclusion	  based	  on	  
the	  pressure	  estimate	  of	  27-­‐38	  kbar	  from	  the	  Ti-­‐in-­‐phengite	  barometer.	  The	  lower	  Ti-­‐in-­‐
phengite	  pressure	  estimate	  of	  16-­‐22	  kbar	  is	  also	  within	  range	  of	  previous	  pressure	  
estimates	  (18-­‐27	  kbar),	  though	  it	  may	  also	  reflect	  the	  temperature	  at	  a	  lower	  pressure	  (i.e.	  
at	  a	  later	  time;	  Baldwin	  et	  al.,	  2008;	  Kohn	  et	  al.,	  2015).	  	  
	   The	  much	  lower	  pressure	  estimates	  acquired	  from	  sample	  TLPNG	  10-­‐058a,	  the	  ~1.5	  
Ma	  gneiss,	  show	  little	  variation	  over	  a	  range	  of	  temperatures.	  The	  mid-­‐crustal	  depth	  
corresponding	  to	  these	  pressures	  is	  expected,	  considering	  the	  timing	  of	  (U)HP	  exhumation	  
in	  PNG,	  as	  well	  as	  other	  lines	  of	  evidence	  for	  shallow	  depths	  of	  recrystallization,	  such	  as	  
quartz	  fabrics.	  For	  example,	  pressures	  obtained	  using	  the	  Si-­‐in-­‐phengite	  barometer,	  with	  
temperatures	  constrained	  by	  the	  closure	  temperatures	  associated	  with	  the	  ~1.5	  Ma	  apatite	  
fission	  track	  age,	  indicate	  low	  pressures	  which	  equate	  to	  mid	  crustal	  depths	  (~2-­‐6	  kbar;	  P.	  
Fitzgerald	  pers.	  comm.).	  
	   The	  samples	  studied	  in	  this	  project	  formed	  at	  different	  times	  and	  at	  different	  
locations;	  they	  have	  different	  bulk	  compositions.	  A	  direct	  comparison	  of	  the	  pressure	  
results	  between	  samples	  is	  therefore	  unsuitable.	  However,	  the	  broad	  differences	  between	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these	  samples	  aid	  in	  the	  understanding	  of	  the	  PNG	  (U)HP	  terrane	  as	  a	  whole.	  On	  a	  local	  
scale,	  these	  two	  samples	  represent	  different	  rock	  paths	  the	  (U)HP	  terrane	  followed.	  	  
Peak	  temperature	  estimates	  at	  or	  below	  ~	  750˚	  C,	  determined	  from	  multiple	  
methods	  in	  the	  (U)HP	  sample,	  indicate	  that	  the	  coesite-­‐bearing	  eclogite	  did	  not	  experience	  
higher	  temperatures	  than	  this.	  This	  assumption	  is	  supported	  by	  the	  preservation	  of	  coesite	  
at	  the	  surface,	  since	  higher	  temperatures	  increase	  the	  rate	  of	  reaction	  (Mosenfelder	  et	  al.,	  
2005).	  Additionally,	  the	  8.31	  ±	  0.31	  Ma	  40Ar/39Ar	  age	  of	  phengite	  in	  the	  coesite-­‐bearing	  
eclogite	  (Baldwin	  and	  Das,	  2013),	  concordant	  with	  other	  dating	  methods	  for	  peak	  
conditions,	  indicate	  that	  the	  coesite-­‐bearing	  eclogite	  was	  likely	  not	  heated	  during	  
exhumation.	  Dehydration	  melting	  of	  phengite	  occurs	  at	  ~750-­‐800˚	  C	  at	  pressures	  of	  17-­‐24	  
kbar,	  and	  with	  decreasing	  temperature	  at	  decreasing	  pressure	  (Baldwin	  et	  al.,	  2008).	  The	  
lack	  of	  evidence	  for	  phengite	  melting	  in	  the	  sample	  indicates	  that	  temperatures	  likely	  
remained	  below	  the	  dehydration	  melting	  curve.	  	  
	  
Conclusion	  
	   The	  PNG	  (U)HP	  terrane	  is	  	  the	  youngest	  exposed	  (U)HP	  terrane	  at	  the	  Earth’s	  
surface	  (Monteleone	  et	  al.,	  2007;	  Baldwin	  et	  al.,	  2008).	  Acquiring	  P-­‐T	  information	  using	  
multiple	  methods	  is	  important	  for	  correctly	  interpreting	  the	  P-­‐T-­‐t	  paths	  of	  	  rocks	  from	  
mantle	  depths	  to	  the	  surface.	  This	  interpretation,	  in	  turn,	  has	  implications	  for	  constraining	  
exhumation	  mechanisms,	  which	  are	  controversial	  (e.g.,	  Webb	  et	  al.,	  2008;	  Ellis	  et	  al.,	  2011;	  
Little	  et	  al.,	  2011).	  The	  results	  of	  this	  study	  show	  that	  the	  coesite-­‐bearing	  eclogite	  was	  at	  
mantle	  depths,	  in	  the	  coesite	  stability	  field,	  ~8-­‐7	  Ma,	  on	  the	  basis	  of	  the	  Ti-­‐in-­‐phengite	  
geobarometry	  estimates	  of	  27-­‐38	  kbar.	  In	  contrast,	  the	  younger	  gneiss	  was	  at	  mid-­‐crustal	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depths	  (~9-­‐18	  km	  depth)	  by	  ~1.5	  Ma.	  The	  overarching	  P-­‐T	  path	  generated	  with	  these	  
samples	  supports	  the	  subduction	  inversion	  hypothesis	  (Webb	  et	  al.,	  2008).	  The	  diapir	  
hypothesis	  requires	  ~500˚	  C	  temperatures	  at	  low	  pressures	  for	  >1	  Ma,	  which	  could	  
recrystallize	  the	  phengite,	  causing	  it	  to	  record	  lower	  pressures	  and	  younger	  ages.	  The	  
phengite	  in	  the	  coesite-­‐bearing	  eclogite	  records	  concordant	  ages	  with	  other	  peak	  P-­‐T	  age	  
estimates	  at	  ~8-­‐7	  Ma,	  and	  yields	  (U)HP	  pressure	  estimates.	  Therefore,	  the	  phengites	  in	  this	  
sample	  were	  not	  recrystallized,	  and	  there	  is	  no	  evidence	  in	  the	  sample	  of	  the	  heating	  
required	  in	  the	  diapir	  model	  (Ellis	  et	  al.,	  2011).	  The	  recorded	  pressures	  and	  temperatures	  
support	  an	  exhumation	  path	  which	  aligns	  with	  the	  low	  geothermal	  gradient	  proposed	  in	  
the	  subduction	  inversion	  hypothesis	  (Webb	  et	  al.,	  2008).	  
	   These	  results	  also	  have	  implications	  for	  the	  study	  of	  (U)HP	  terranes	  globally.	  Many	  
(U)HP	  rocks	  rise	  from	  mantle	  depths	  to	  the	  surface	  quickly,	  and	  geothermobarometers	  that	  
do	  not	  require	  an	  equilibrium	  assemblage	  could	  be	  useful	  as	  a	  result	  (Lanari	  et	  al.,	  2011;	  
Mosenfelder	  et	  al.,	  2005).	  Using	  a	  thermometer	  or	  barometer	  calibrated	  with	  a	  mineral	  
assemblage	  similar	  to	  the	  sample	  of	  interest	  is	  crucial,	  as	  is	  understanding	  the	  textural	  
relationships	  within	  the	  sample.	  Results	  of	  this	  study	  further	  demonstrate	  that	  with	  the	  
correct	  application,	  programs	  like	  XMapTools,	  and	  Theriak	  Domino	  are	  powerful	  tools	  for	  
understanding	  the	  P-­‐T-­‐t	  paths	  of	  rocks	  in	  (U)HP	  terranes	  (De	  Andrade	  et	  al.,	  2006;	  De	  
Capitani	  and	  Petrakakis,	  2010).	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Figures
Figure 1: Map of the PNG (U)HP terrane.  (U)HP exhumation, rifting and microplate rotation 
occur within the larger, obliquely converging plate boundary between the Australian and 
Pacific plates (see inset). Sample 89321c (the coesite eclogite) is from Fergusson Island. 
Sample TLPNG10-058a is a quartzofeldspathic gneiss from Goodenough Island. Adapted 
from Miller et al., 2012 and Baldwin et al., 2004. 
Figure 2: P-T diagram showing previous P-T estimates for the PNG (U)HP terrane, providing a 
framework for this project (Baldwin et al., 2004, 2008; Davies and Warren, 1992; Hill et al., 1992; 
Hill and Baldwin, 1993). Also shown are results from this study (star and solid box).
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Figure 3: Element concentration maps for sample TLPNG 10-058a showing a muscovite 
grain and surrounding mineral assemblage. These maps are qualitative (relative concentra-
tion) only, and are not calibrated to represent a specific chemical composition. The color of 
each pixel represents the intensity (raw counts) of each element measured on the EMP.
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Figure 4: Location of chemical composition spot analyses for samples 89321c and TLPNG 
10-058a.
500 µm
Phengite
Phengite
Omphacite
Omphacite
Jadeite
Garnet
CPX
Mix
Rutile
Spot analyses locations (on Si concentration map) 
Active spot anlysis
Inactive spot anlysis
500 µ
Phengite phacite
Omphacite
Jadeite
Garnet
Rutile
Spot analyses locations (on Si concentration ap) 
Jd/Omph
Relative Concentration
spot analyses used for Ti-in-phe barometer
other spot analyses 
28
Figure 5: Mineral mask for sampleTLPNG 10-058a created by XMapTools based on the 
assigned chemical composition of each pixel on the X-ray map. Masks divide the pixels into 
groups (minerals) based on their assigned composition, and are used to insure that only 
pixels with a muscovite composition are used for white mica barometry.
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Figure 6: Plot of Si p.f.u. vs. Al p.f.u. for both samples. Si substitutes for AlIV in the white mica, 
which can be seen in the linear nature of these data. This is significant because increased Si in the 
white mica formula is the basis for the Si-in-phengite barometer, with higher Si indicating higher 
pressures. 
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Figure 8: Photomicrographs showing muscovite and surrounding minerals from sample 
TLPNG 10-058a in a) plane and b) cross-polarized light. The muscovite is rimmed by bio-
tite. Plagioclase with orthoclase inclusions makes up the majority of the surrounding ma-
trix.
a b
Garnet
Garnet
Omphacite
Phengite
Rutile
Omphacite
Phengite
500 µm
Jadeite
Garnet
Garnet
Omphacite
Phengite
Rutile
Omphacite
Phengite
Jadeite
500 µm
Figure 7: Photomicrographs showing phengite and surrounding minerals from sample 
89321c in a) plane and b) cross-polarized light. Note the irregular (but distinct) grain 
boundaries, as well as the fractures and inclusions of rutile within the phengite grain.
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Figure 9: Titanium in phengite geobarometry results for sample 89321c, assuming tem-
perature estimates from the Zr-in-rutile thermometer and the Ti-in-zircon thermometer 
(Baldwin et al., 2008). Results give pressure estimates either below, using temperatures 
based on the Ti-in-Zircon thermometer, or almost entirely above the quartz/coesite bound-
ary, using temperatures based on the Zr-in-rutile thermometer. Pressures are estimated 
by establishing the range of temperatures along the Ti p.f.u. isopleth, and then transferring 
those boundaries to the Y-axis, following the indicative arrows. The Y-axis is pressure (in 
kbars). 
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Figure 10: (a) Results of Si-in-phengite barometry for sample TLPNG 10-058a (showing 
only muscovite grain pixels, defined by the mineral mask). (b) Histogram of the pressure 
results per pixel for sample TLPNG 10-058a based on Si-in-phengite barometry. Y axis is 
number of pixels, X axis is pressure.
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Figure 11: Equilibrium assemblage diagram based on bulk composition for sample 89321c. 
The black lines represent changes in the mineral assemblage (a mineral is added or sub-
tracted from the assemblage). There is no field where the equilibrium assemblage diagram 
contains all of the minerals observed in thin section for this sample.
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Figure 12: Equilibrium assemblage diagram based on bulk composition for sample TLPNG 
10-058a. The black lines represent changes in the mineral assemblage (a mineral is added 
or subtracted from the assemblage). The red box outlines the P-T range estimated in XMap-
Tools using the Si-in-phengite barometer.
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Figure 13: Compilation of the range of Pressure-Temperature-time-Depth (P-T-t-D) paths com-
paring between the samples in this study, and the paths proposed by Baldwin et al., 2004. The 
~1.5 Ma gneiss sample indicates pressures that are higher, and temperatures that are lower, than 
the path proposed by Baldwin (2004) during the final stages of exhumation.
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Figure 14: P-T results from Si-in-phengite and Ti-in-phengite barometry following the 
methods in this project. Also shown are the trace element thermometer estimates used to 
calculate the pressure results (Baldwin et al., 2008).
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Sample 89321c TLPNG 10-058a
SiO2 52.88 48.10
Al2O3 26.50 30.24
TiO2 0.67 1.15
FeO 1.85 1.99
Cr2O3 0.01 0.00
MnO 0.03 0.03
MgO 4.02 2.42
CaO 0.00 0.00
Na2O 0.96 0.36
K2O 9.74 10.94
Totals 96.65 95.18
Cations on the basis of 11 Oxygens
SiO2 3.46 3.23
Al2O3 2.04 2.39
TiO2 0.035 0.06
FeO 0.10 0.11
Cr2O3 0.00 0.00
MnO 0.00 0.00
MgO 0.39 0.24
CaO 0.00 0.00
Na2O 0.12 0.05
K2O 0.81 0.94
Totals 6.95 7.02
Table 1
Table 1: Representative white mica compositions for both samples with accompanying per for-
mula unit calculations. Low totals are the result of unmeasured volatiles in the white mica grains, 
which is expected, because the EMP does not measure water content of minerals.
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Sample 89321c TLPNG 10-058a
SiO2 48.87 69.64
Al2O3 16.55 15.97
TiO2 2.51 0.33
FeO 13.66 1.82
MnO 0.20 0.02
MgO 7.67 1.00
CaO 5.00 2.66
Na2O 3.46 4.44
K2O 0.78 2.54
P2O5 0.24 0.12
Total 98.94 98.54
LOI 1.06 0.81
Table 2
Table 2: XRF data for samples 89321c and TLPNG 10-058a used to make equilibrium assemblage 
diagrams. LOI = Loss on Ignition, used to represent the amount of volatiles (e.g., H2O) in the 
sample.
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Appendix A: All X-ray element maps used to calculate pressures in XMapTools
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Appendix	  B:	  All	  phengite	  spot	  analyses	  for	  samples	  89321c	  and	  TLPNG	  10-­‐058a
Weight	  Percent	  Oxides
SiO2 Al2O3 TiO2 FeO Cr2O3 MnO MgO CaO Na2O K2O Total Sample
47.72 30.35 1.22 1.74 0.00 0.03 2.17 -­‐0.02 0.36 11.04 94.60 TLPNG	  10-­‐058A
48.25 30.08 1.07 2.02 0.01 0.02 2.49 0.01 0.30 10.89 95.14 TLPNG	  10-­‐058A
48.18 29.47 1.07 2.35 -­‐0.01 0.03 2.68 -­‐0.02 0.28 10.92 94.95 TLPNG	  10-­‐058A
48.05 29.50 1.16 2.36 0.03 0.01 2.55 0.00 0.33 10.98 94.96 TLPNG	  10-­‐058A
47.85 29.92 1.04 2.29 0.02 0.00 2.40 -­‐0.02 0.34 10.98 94.82 TLPNG	  10-­‐058A
47.59 29.82 0.97 2.54 0.01 0.02 2.58 -­‐0.02 0.33 11.01 94.86 TLPNG	  10-­‐058A
47.41 29.51 1.08 3.06 -­‐0.03 0.04 2.80 0.00 0.34 10.86 95.06 TLPNG	  10-­‐058A
47.22 30.87 0.80 1.97 0.00 0.00 2.18 0.01 0.38 10.82 94.24 TLPNG	  10-­‐058A
46.92 31.34 0.86 1.55 0.02 0.01 2.02 0.00 0.39 10.94 94.05 TLPNG	  10-­‐058A
47.35 30.68 1.13 1.66 -­‐0.02 0.02 2.17 0.00 0.29 10.77 94.05 TLPNG	  10-­‐058A
47.63 29.91 1.07 2.25 -­‐0.02 0.02 2.48 0.04 0.34 10.63 94.36 TLPNG	  10-­‐058A
47.36 30.25 1.24 2.01 0.01 0.01 2.26 0.00 0.30 10.79 94.23 TLPNG	  10-­‐058A
47.47 30.33 1.08 2.08 -­‐0.01 0.01 2.38 -­‐0.03 0.32 10.83 94.48 TLPNG	  10-­‐058A
47.55 30.55 1.24 1.99 -­‐0.01 0.01 2.31 -­‐0.02 0.31 10.73 94.67 TLPNG	  10-­‐058A
47.64 30.11 1.01 2.17 -­‐0.01 0.03 2.40 -­‐0.02 0.38 10.86 94.59 TLPNG	  10-­‐058A
47.90 29.44 1.04 2.40 0.00 0.03 2.60 -­‐0.02 0.32 10.98 94.69 TLPNG	  10-­‐058A
48.10 30.24 1.15 1.99 -­‐0.03 0.03 2.42 -­‐0.02 0.36 10.94 95.18 TLPNG	  10-­‐058A
47.53 30.22 1.38 1.92 0.02 0.00 2.25 -­‐0.03 0.35 10.74 94.37 TLPNG	  10-­‐058A
47.87 30.67 1.10 1.89 -­‐0.01 0.03 2.21 -­‐0.01 0.35 10.90 94.98 TLPNG	  10-­‐058A
47.99 30.51 1.03 2.03 -­‐0.01 0.01 2.42 -­‐0.02 0.33 10.97 95.27 TLPNG	  10-­‐058A
47.88 30.03 0.99 2.38 0.03 0.06 2.42 -­‐0.02 0.32 10.87 94.96 TLPNG	  10-­‐058A
47.98 30.59 1.00 1.69 0.02 0.01 2.32 -­‐0.02 0.29 10.87 94.77 TLPNG	  10-­‐058A
48.13 29.82 1.07 2.09 0.02 0.05 2.44 -­‐0.01 0.37 10.73 94.70 TLPNG	  10-­‐058A
47.49 30.15 0.94 2.39 -­‐0.02 0.02 2.50 -­‐0.01 0.34 10.91 94.72 TLPNG	  10-­‐058A
48.13 29.43 1.03 2.09 -­‐0.02 0.02 2.52 0.00 0.30 10.86 94.36 TLPNG	  10-­‐058A
46.90 29.96 1.34 2.94 0.02 0.01 2.50 -­‐0.02 0.34 10.90 94.88 TLPNG	  10-­‐058A
47.84 29.57 1.18 2.22 0.01 0.01 2.49 -­‐0.02 0.34 10.82 94.47 TLPNG	  10-­‐058A
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Weight	  Percent	  Oxides
SiO2 Al2O3 TiO2 FeO Cr2O3 MnO MgO CaO Na2O K2O Total Sample
52.21 24.76 0.81 1.75 0.03 -­‐0.01 4.59 0.00 0.65 10.29 95.07 89321c
51.63 25.92 0.81 1.76 0.00 0.03 4.25 0.01 0.71 10.11 95.21 89321c
49.89 28.23 0.73 1.80 -­‐0.01 0.00 3.48 0.00 0.92 9.97 95.01 89321c
49.15 29.55 0.68 2.06 -­‐0.04 -­‐0.01 3.14 -­‐0.01 1.30 9.44 95.27 89321c
49.94 28.17 0.76 1.89 0.00 0.01 3.41 0.00 1.00 9.79 94.96 89321c
51.89 25.24 0.75 1.76 -­‐0.03 0.01 4.34 -­‐0.02 0.65 10.30 94.89 89321c
51.29 26.59 0.80 1.87 0.03 -­‐0.02 3.98 -­‐0.01 0.77 10.30 95.60 89321c
50.51 28.62 0.70 1.90 0.01 0.00 3.74 -­‐0.01 1.10 9.93 96.50 89321c
50.79 27.93 0.79 1.81 0.05 0.00 3.90 -­‐0.02 0.86 10.06 96.17 89321c
49.23 29.37 0.70 2.00 0.01 -­‐0.01 3.15 0.00 1.37 9.35 95.16 89321c
49.79 28.00 0.79 1.92 0.00 0.00 3.56 -­‐0.01 1.07 9.94 95.06 89321c
51.04 26.85 0.82 1.85 0.00 0.00 3.93 -­‐0.01 0.86 10.06 95.41 89321c
51.26 26.44 0.72 1.82 0.04 -­‐0.02 4.12 -­‐0.02 0.88 9.91 95.14 89321c
50.18 27.61 0.75 1.86 -­‐0.01 -­‐0.02 3.62 -­‐0.02 0.92 9.90 94.79 89321c
50.38 27.84 0.72 1.83 0.01 -­‐0.03 3.65 -­‐0.01 1.05 9.71 95.16 89321c
50.61 26.15 0.75 1.57 -­‐0.01 0.00 4.11 0.00 0.71 10.19 94.08 89321c
50.90 25.78 0.75 1.69 0.00 0.02 4.19 0.00 0.66 10.07 94.07 89321c
51.81 25.89 0.69 1.52 0.04 0.01 4.25 -­‐0.01 0.61 10.37 95.18 89321c
49.78 27.42 0.66 1.64 0.04 -­‐0.01 3.67 0.01 0.77 10.16 94.15 89321c
49.30 28.44 0.76 1.93 0.02 0.00 3.47 -­‐0.01 1.06 9.88 94.84 89321c
49.23 28.40 0.74 1.92 -­‐0.01 0.00 3.56 0.00 0.97 9.83 94.64 89321c
50.84 26.72 0.71 1.92 0.01 0.01 4.03 -­‐0.02 0.89 9.94 95.06 89321c
50.77 26.55 0.70 1.83 0.00 -­‐0.01 3.96 -­‐0.02 0.93 9.89 94.62 89321c
49.65 28.22 0.74 1.56 0.01 0.00 3.35 0.00 0.88 9.83 94.22 89321c
49.61 27.78 0.73 1.78 0.01 -­‐0.01 3.52 0.03 0.98 9.47 93.92 89321c
49.40 27.76 0.73 1.78 -­‐0.01 -­‐0.02 3.49 0.03 1.12 9.33 93.62 89321c
50.50 27.87 0.75 1.87 -­‐0.07 0.00 3.57 0.03 1.01 9.47 95.00 89321c
53.24 26.88 0.73 1.86 0.02 0.02 3.75 -­‐0.01 1.01 9.61 97.12 89321c
51.72 26.37 0.73 1.81 0.00 -­‐0.01 3.90 0.00 0.94 9.76 95.23 89321c
55.24 26.44 0.76 1.83 -­‐0.01 -­‐0.02 3.99 -­‐0.01 0.88 9.85 98.95 89321c
54.84 26.15 0.78 1.91 0.01 -­‐0.06 3.84 0.00 0.88 9.80 98.15 89321c
53.24 25.59 0.78 1.72 -­‐0.02 0.04 4.13 -­‐0.01 0.75 9.93 96.15 89321c
49.86 27.67 0.74 1.88 -­‐0.01 0.01 3.51 0.00 1.09 9.57 94.32 89321c
52.45 24.52 0.81 1.77 0.04 -­‐0.01 4.44 0.00 0.59 10.06 94.67 89321c
50.72 27.58 0.69 1.86 0.03 0.00 3.45 0.02 0.94 9.67 94.96 89321c
52.20 25.66 0.81 1.75 0.00 -­‐0.01 4.28 -­‐0.01 0.62 10.06 95.35 89321c
51.75 25.84 0.75 1.84 0.02 -­‐0.02 4.10 0.03 0.67 9.81 94.78 89321c
51.91 25.51 0.74 1.77 -­‐0.02 0.00 4.10 -­‐0.01 0.76 10.04 94.83 89321c
56.02 25.14 0.86 1.77 0.05 0.00 4.21 -­‐0.01 0.59 10.10 98.74 89321c
52.42 24.44 0.91 1.74 0.09 0.03 4.51 -­‐0.01 0.50 10.21 94.84 89321c
62.28 16.68 0.82 1.76 0.01 -­‐0.05 4.36 0.01 0.61 10.19 96.67 89321c
50.47 28.20 0.71 1.79 0.00 0.02 3.13 -­‐0.02 1.00 9.72 95.02 89321c
50.26 26.93 0.78 1.83 0.00 0.00 3.79 -­‐0.01 0.75 9.86 94.20 89321c
53.96 23.83 0.86 1.69 -­‐0.01 0.00 4.43 0.02 0.55 10.02 95.36 89321c
52.66 24.94 0.71 1.78 0.00 -­‐0.01 4.41 0.02 0.62 10.05 95.19 89321c
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Weight	  Percent	  Oxides
SiO2 Al2O3 TiO2 FeO Cr2O3 MnO MgO CaO Na2O K2O Total Sample
49.96 27.79 0.70 1.92 -­‐0.01 -­‐0.01 3.62 0.01 1.03 9.47 94.48 89321c
54.33 28.99 0.75 1.93 0.01 0.01 3.19 0.02 1.17 9.32 99.72 89321c
48.86 22.00 0.71 1.99 0.02 0.04 3.36 0.00 1.14 9.42 87.55 89321c
52.71 24.96 0.73 1.75 0.05 0.00 4.43 -­‐0.02 0.67 9.94 95.22 89321c
52.88 26.50 0.67 1.85 0.01 0.03 4.02 0.00 0.96 9.74 96.65 89321c
50.59 27.19 0.75 1.93 0.02 -­‐0.01 3.64 0.00 1.01 9.65 94.77 89321c
51.94 26.01 0.72 1.82 0.01 0.00 4.11 0.01 0.78 9.78 95.18 89321c
51.77 26.59 0.72 1.83 -­‐0.01 0.02 3.86 -­‐0.01 0.96 9.63 95.37 89321c
50.48 28.14 0.71 1.95 0.00 -­‐0.02 3.40 -­‐0.01 1.06 9.52 95.23 89321c
51.45 27.56 0.74 1.92 0.00 -­‐0.01 3.33 0.00 1.19 9.43 95.61 89321c
50.45 26.46 0.73 1.88 0.00 -­‐0.01 3.85 0.01 0.85 9.80 94.03 89321c
50.03 27.47 0.76 1.84 0.00 0.01 3.53 0.01 0.98 9.73 94.35 89321c
49.64 26.31 0.76 1.80 0.04 0.04 3.73 0.01 0.97 9.77 93.07 89321c
51.57 25.58 0.78 1.77 0.05 0.00 4.19 -­‐0.01 0.63 9.88 94.45 89321c
50.82 26.94 0.74 1.94 0.02 0.00 3.82 0.00 0.82 9.74 94.84 89321c
51.64 25.41 0.78 1.83 -­‐0.04 0.00 4.20 0.02 0.62 9.97 94.44 89321c
55.14 23.72 0.82 1.86 0.01 0.01 4.43 0.00 0.56 9.94 96.48 89321c
50.79 26.50 0.76 1.80 0.04 -­‐0.02 3.87 -­‐0.01 0.88 9.84 94.44 89321c
52.44 24.28 0.85 1.75 0.02 0.02 4.53 0.00 0.61 10.01 94.50 89321c
53.26 25.52 0.85 1.82 0.00 0.00 4.11 -­‐0.01 0.80 9.97 96.32 89321c
52.13 25.82 0.86 1.84 0.02 -­‐0.03 4.00 0.01 0.81 9.92 95.37 89321c
52.68 27.51 0.78 1.88 0.00 0.01 3.56 0.00 0.92 9.60 96.95 89321c
52.22 27.38 0.74 1.64 0.01 -­‐0.02 3.64 0.02 0.79 9.93 96.35 89321c
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  Per	  Formula	  Unit	  (p.f.u) Sample	  Coordinates
Mineral	  ID oxygens	  for	  p.f.u Si Al Ti Fe Cr Mn Mg Ca Na K X Y Sample
Muscovite 11 3.219 2.413 0.064 0.098 0.000 0.002 0.218 -­‐0.002 0.047 0.950 14002 20623 TLPNG	  10-­‐058A
Muscovite 11 3.236 2.377 0.056 0.113 0.000 0.001 0.249 0.001 0.039 0.932 13703 20620 TLPNG	  10-­‐058A
Muscovite 11 3.245 2.339 0.056 0.133 0.000 0.002 0.269 -­‐0.001 0.037 0.938 14070 20482 TLPNG	  10-­‐058A
Muscovite 11 3.239 2.343 0.061 0.133 0.002 0.001 0.256 0.000 0.043 0.944 14172 20438 TLPNG	  10-­‐058A
Muscovite 11 3.228 2.379 0.055 0.129 0.001 0.000 0.242 -­‐0.001 0.044 0.945 14452 20443 TLPNG	  10-­‐058A
Muscovite 11 3.217 2.375 0.051 0.144 0.001 0.001 0.260 -­‐0.001 0.043 0.949 14580 20717 TLPNG	  10-­‐058A
Muscovite 11 3.206 2.352 0.057 0.173 -­‐0.001 0.003 0.282 0.000 0.045 0.937 13791 20337 TLPNG	  10-­‐058A
Muscovite 11 3.197 2.464 0.042 0.112 0.000 0.000 0.220 0.001 0.050 0.934 13839 20422 TLPNG	  10-­‐058A
Muscovite 11 3.180 2.504 0.046 0.088 0.001 0.001 0.204 0.000 0.052 0.946 13866 20422 TLPNG	  10-­‐058A
Muscovite 11 3.206 2.448 0.060 0.094 -­‐0.001 0.001 0.219 0.000 0.038 0.930 13826 20466 TLPNG	  10-­‐058A
Muscovite 11 3.224 2.386 0.056 0.127 -­‐0.001 0.001 0.250 0.003 0.045 0.918 13686 20534 TLPNG	  10-­‐058A
Muscovite 11 3.209 2.415 0.066 0.114 0.001 0.001 0.228 0.000 0.039 0.932 13511 20892 TLPNG	  10-­‐058A
Muscovite 11 3.209 2.416 0.057 0.118 0.000 0.001 0.240 -­‐0.002 0.042 0.934 13783 20919 TLPNG	  10-­‐058A
Muscovite 11 3.203 2.426 0.065 0.112 0.000 0.001 0.232 -­‐0.002 0.041 0.923 14073 20941 TLPNG	  10-­‐058A
Muscovite 11 3.219 2.398 0.053 0.123 -­‐0.001 0.002 0.242 -­‐0.001 0.050 0.936 14442 20451 TLPNG	  10-­‐058A
Muscovite 11 3.239 2.346 0.055 0.136 0.000 0.002 0.262 -­‐0.001 0.042 0.947 14082 20475 TLPNG	  10-­‐058A
Muscovite 11 3.226 2.390 0.060 0.111 -­‐0.001 0.002 0.242 -­‐0.001 0.046 0.936 14082 20571 TLPNG	  10-­‐058A
Muscovite 11 3.212 2.407 0.073 0.108 0.001 0.000 0.226 -­‐0.002 0.045 0.926 14119 20726 TLPNG	  10-­‐058A
Muscovite 11 3.214 2.427 0.058 0.106 -­‐0.001 0.002 0.221 -­‐0.001 0.045 0.933 14498 20982 TLPNG	  10-­‐058A
Muscovite 11 3.216 2.410 0.054 0.114 0.000 0.001 0.242 -­‐0.001 0.044 0.938 14498 20764 TLPNG	  10-­‐058A
Muscovite 11 3.225 2.384 0.052 0.134 0.002 0.003 0.243 -­‐0.001 0.041 0.934 14569 20530 TLPNG	  10-­‐058A
Muscovite 11 3.224 2.422 0.053 0.095 0.001 0.001 0.233 -­‐0.001 0.038 0.932 14483 20436 TLPNG	  10-­‐058A
Muscovite 11 3.242 2.367 0.056 0.118 0.001 0.003 0.245 -­‐0.001 0.049 0.922 14221 20476 TLPNG	  10-­‐058A
Muscovite 11 3.210 2.401 0.050 0.135 -­‐0.001 0.001 0.252 0.000 0.045 0.940 13891 20476 TLPNG	  10-­‐058A
Muscovite 11 3.256 2.346 0.055 0.118 -­‐0.001 0.001 0.254 0.000 0.040 0.937 13682 20563 TLPNG	  10-­‐058A
Muscovite 11 3.178 2.393 0.071 0.167 0.001 0.001 0.252 -­‐0.001 0.044 0.943 14348 20578 TLPNG	  10-­‐058A
Muscovite 11 3.237 2.357 0.062 0.126 0.001 0.001 0.252 -­‐0.001 0.045 0.933 14319 20947 TLPNG	  10-­‐058A
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  for	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Phengite 11 3.481 1.945 0.042 0.097 0.001 0.000 0.456 0.000 0.084 0.875 -­‐4610 -­‐32256 89321c
Phengite 11 3.435 2.033 0.042 0.098 0.000 0.001 0.422 0.000 0.091 0.858 -­‐4337 -­‐31973 89321c
Phengite 11 3.331 2.221 0.038 0.100 0.000 0.000 0.346 0.000 0.119 0.849 -­‐4424 -­‐31922 89321c
Phengite 11 3.272 2.318 0.035 0.115 -­‐0.002 0.000 0.312 -­‐0.001 0.169 0.802 -­‐4229 -­‐32099 89321c
Phengite 11 3.334 2.216 0.039 0.106 0.000 0.001 0.339 0.000 0.130 0.834 -­‐4539 -­‐32031 89321c
Phengite 11 3.466 1.987 0.039 0.098 -­‐0.002 0.000 0.432 -­‐0.001 0.085 0.878 -­‐5062 -­‐32073 89321c
Phengite 11 3.406 2.081 0.042 0.104 0.002 -­‐0.001 0.394 0.000 0.099 0.872 -­‐5255 -­‐32165 89321c
Phengite 11 3.321 2.218 0.036 0.104 0.001 0.000 0.367 -­‐0.001 0.141 0.833 -­‐5417 -­‐31964 89321c
Phengite 11 3.349 2.171 0.041 0.100 0.003 0.000 0.383 -­‐0.001 0.110 0.846 -­‐5319 -­‐31919 89321c
Phengite 11 3.279 2.306 0.037 0.111 0.001 0.000 0.312 0.000 0.177 0.794 -­‐5320 -­‐32259 89321c
Phengite 11 3.328 2.205 0.041 0.107 0.000 0.000 0.354 0.000 0.139 0.848 -­‐5231 -­‐32255 89321c
Phengite 11 3.393 2.103 0.042 0.103 0.000 0.000 0.390 -­‐0.001 0.112 0.853 -­‐4624 -­‐32402 89321c
Phengite 11 3.413 2.074 0.037 0.101 0.002 -­‐0.001 0.408 -­‐0.002 0.113 0.842 -­‐4411 -­‐32481 89321c
Phengite 11 3.357 2.176 0.039 0.104 0.000 -­‐0.001 0.361 -­‐0.002 0.119 0.845 -­‐4289 -­‐32501 89321c
Phengite 11 3.353 2.184 0.037 0.102 0.000 -­‐0.001 0.362 0.000 0.136 0.824 -­‐4169 -­‐32062 89321c
Phengite 11 3.411 2.077 0.039 0.089 -­‐0.001 0.000 0.413 0.000 0.093 0.876 -­‐5029 -­‐32719 89321c
Phengite 11 3.429 2.047 0.040 0.095 0.000 0.001 0.421 0.000 0.087 0.865 -­‐5031 -­‐32686 89321c
Phengite 11 3.447 2.030 0.036 0.085 0.002 0.001 0.422 0.000 0.079 0.880 -­‐4788 -­‐32706 89321c
Phengite 11 3.356 2.178 0.035 0.093 0.002 0.000 0.369 0.000 0.101 0.873 -­‐4934 -­‐32614 89321c
Phengite 11 3.303 2.245 0.040 0.108 0.001 0.000 0.346 -­‐0.001 0.138 0.844 -­‐4166 -­‐32510 89321c
Phengite 11 3.303 2.246 0.039 0.108 -­‐0.001 0.000 0.356 0.000 0.127 0.841 -­‐4185 -­‐32484 89321c
Phengite 11 3.393 2.101 0.037 0.107 0.001 0.001 0.401 -­‐0.002 0.116 0.846 -­‐4280 -­‐32658 89321c
Phengite 11 3.401 2.096 0.037 0.102 0.000 0.000 0.396 -­‐0.001 0.121 0.845 -­‐5031 -­‐32645 89321c
Phengite 11 3.335 2.234 0.039 0.087 0.001 0.000 0.335 0.000 0.115 0.842 -­‐5019 -­‐32629 89321c
Phengite 11 3.343 2.206 0.038 0.100 0.001 0.000 0.354 0.002 0.128 0.814 -­‐5024 -­‐32595 89321c
Phengite 11 3.339 2.211 0.038 0.101 -­‐0.001 -­‐0.001 0.352 0.002 0.147 0.805 -­‐5021 -­‐32569 89321c
Phengite 11 3.361 2.186 0.039 0.104 -­‐0.003 0.000 0.354 0.002 0.130 0.804 -­‐5014 -­‐32549 89321c
Phengite 11 3.456 2.057 0.037 0.101 0.001 0.001 0.363 -­‐0.001 0.127 0.796 -­‐5019 -­‐32531 89321c
Phengite 11 3.434 2.063 0.038 0.101 0.000 -­‐0.001 0.386 0.000 0.122 0.827 -­‐5012 -­‐32511 89321c
Phengite 11 3.513 1.981 0.038 0.098 0.000 -­‐0.001 0.378 -­‐0.001 0.108 0.799 -­‐4999 -­‐32492 89321c
Phengite 11 3.517 1.977 0.039 0.103 0.001 -­‐0.003 0.367 0.000 0.110 0.801 -­‐5009 -­‐32468 89321c
Phengite 11 3.495 1.979 0.040 0.094 -­‐0.001 0.002 0.404 0.000 0.096 0.831 -­‐4994 -­‐32455 89321c
Phengite 11 3.350 2.190 0.039 0.106 0.000 0.000 0.351 0.000 0.142 0.820 -­‐4997 -­‐32426 89321c
Phengite 11 3.504 1.931 0.042 0.099 0.002 0.000 0.442 0.000 0.077 0.858 -­‐4989 -­‐32412 89321c
Phengite 11 3.379 2.165 0.036 0.104 0.002 0.000 0.342 0.001 0.122 0.822 -­‐4988 -­‐32386 89321c
Phengite 11 3.462 2.005 0.042 0.097 0.000 -­‐0.001 0.423 0.000 0.080 0.851 -­‐4988 -­‐32357 89321c
Phengite 11 3.451 2.031 0.039 0.103 0.001 -­‐0.001 0.407 0.002 0.087 0.834 -­‐4979 -­‐32331 89321c
Phengite 11 3.465 2.007 0.039 0.099 -­‐0.001 0.000 0.408 -­‐0.001 0.099 0.855 -­‐4975 -­‐32321 89321c
Phengite 11 3.569 1.888 0.043 0.095 0.002 0.000 0.400 -­‐0.001 0.074 0.821 -­‐4977 -­‐32283 89321c
Phengite 11 3.500 1.923 0.048 0.097 0.005 0.002 0.449 -­‐0.001 0.065 0.869 -­‐4961 -­‐32245 89321c
Phengite 11 4.021 1.269 0.041 0.095 0.001 -­‐0.003 0.419 0.000 0.077 0.839 -­‐4958 -­‐32183 89321c
Phengite 11 3.360 2.212 0.037 0.100 0.000 0.001 0.310 -­‐0.001 0.130 0.825 -­‐4941 -­‐32183 89321c
Phengite 11 3.381 2.135 0.041 0.103 0.000 0.000 0.380 0.000 0.098 0.846 -­‐4948 -­‐32143 89321c
Phengite 11 3.568 1.857 0.044 0.094 0.000 0.000 0.437 0.001 0.070 0.846 -­‐4860 -­‐32748 89321c
Phengite 11 3.497 1.953 0.037 0.099 0.000 -­‐0.001 0.437 0.001 0.080 0.851 -­‐4816 -­‐32716 89321c
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Phengite 11 3.347 2.195 0.037 0.108 0.000 -­‐0.001 0.362 0.000 0.134 0.810 -­‐4799 -­‐32710 89321c
Phengite 11 3.424 2.153 0.037 0.102 0.000 0.001 0.299 0.001 0.144 0.749 -­‐4779 -­‐32682 89321c
Phengite 11 3.546 1.881 0.040 0.121 0.001 0.002 0.363 0.000 0.161 0.872 -­‐4766 -­‐32652 89321c
Phengite 11 3.498 1.952 0.038 0.097 0.002 0.000 0.438 -­‐0.001 0.087 0.841 -­‐4679 -­‐32584 89321c
Phengite 11 3.455 2.040 0.034 0.101 0.000 0.002 0.392 0.000 0.122 0.812 -­‐4623 -­‐32546 89321c
Phengite 11 3.381 2.141 0.039 0.108 0.001 -­‐0.001 0.363 0.000 0.132 0.823 -­‐4622 -­‐32536 89321c
Phengite 11 3.449 2.036 0.038 0.101 0.000 0.000 0.407 0.000 0.101 0.829 -­‐4599 -­‐32495 89321c
Phengite 11 3.430 2.076 0.037 0.101 0.000 0.001 0.381 0.000 0.124 0.814 -­‐4567 -­‐32488 89321c
Phengite 11 3.354 2.203 0.037 0.108 0.000 -­‐0.001 0.336 -­‐0.001 0.136 0.807 -­‐4555 -­‐32469 89321c
Phengite 11 3.399 2.146 0.038 0.106 0.000 -­‐0.001 0.328 0.000 0.153 0.795 -­‐4574 -­‐32157 89321c
Phengite 11 3.400 2.102 0.039 0.106 0.000 0.000 0.387 0.001 0.111 0.843 -­‐4584 -­‐32132 89321c
Phengite 11 3.360 2.175 0.040 0.103 0.000 0.000 0.354 0.000 0.128 0.833 -­‐4607 -­‐32118 89321c
Phengite 11 3.385 2.114 0.040 0.103 0.002 0.002 0.379 0.001 0.129 0.850 -­‐4605 -­‐32079 89321c
Phengite 11 3.453 2.019 0.041 0.099 0.003 0.000 0.419 0.000 0.082 0.844 -­‐4618 -­‐32072 89321c
Phengite 11 3.393 2.119 0.039 0.108 0.001 0.000 0.380 0.000 0.106 0.829 -­‐4622 -­‐32058 89321c
Phengite 11 3.461 2.007 0.041 0.102 -­‐0.002 0.000 0.420 0.001 0.081 0.852 -­‐4617 -­‐32038 89321c
Phengite 11 3.598 1.825 0.042 0.102 0.000 0.001 0.431 0.000 0.070 0.827 -­‐4652 -­‐32012 89321c
Phengite 11 3.406 2.094 0.040 0.101 0.002 -­‐0.001 0.387 -­‐0.001 0.114 0.842 -­‐4648 -­‐31999 89321c
Phengite 11 3.510 1.915 0.044 0.098 0.001 0.001 0.452 0.000 0.079 0.855 -­‐4656 -­‐31967 89321c
Phengite 11 3.493 1.973 0.043 0.100 0.000 0.000 0.401 0.000 0.103 0.834 -­‐4663 -­‐31959 89321c
Phengite 11 3.457 2.018 0.044 0.102 0.001 -­‐0.002 0.396 0.001 0.104 0.839 -­‐4653 -­‐31940 89321c
Phengite 11 3.426 2.109 0.040 0.102 0.000 0.001 0.346 0.000 0.116 0.796 -­‐4675 -­‐31923 89321c
Phengite 11 3.421 2.114 0.038 0.090 0.000 -­‐0.001 0.356 0.001 0.100 0.829 -­‐4675 -­‐31923 89321c
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Using this package of programs is fairly straightforward. As a first step, I highly recom-
mend reading the user manual provided by the authors, available when the program 
package is downloaded (available at http://titan.minpet.unibas.ch/minpet/theriak/
theruser.html). There are also examples, explanations, and problem sets available on 
the SERC website (http://serc.carleton.edu/research_education/equilibria/theriak-dom-
ino.html). To create an equilbirum assemblage diagram from a rock’s bulk composition, 
I followed these steps:
Appendix C: Using Theriak Domino to Create Equilibrium Assemblage Diagrams
Step 1: Identify the major oxide bulk composition of your rock, and convert this into 
elemental moles (a step-by-step guide is available in sub-appendix C.1).
Step 2: Open the TheriakDomino folder, and open the Programs subfolder. Open the 
THERIN file using a text editor.
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Step 3: Enter the elemental bulk composition in the spaces provided, by replacing the 
values in parentheses with your values. The input area is below the first several lines 
that start with exclamation points (and are not read by the program). Above the chem-
ical formula, replace the temperature and pressure with your approximated pressure 
and temperature, in bars and degrees celcius, respectively. Save the THERIN file and 
exit.
Your numbers go here
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Step 4: Open the Theriak file using terminal. Theriak will prompt a series of responses, 
and it will suggest possible answers based on past usage of the program. Type the 
required prompt and press enter. At any time, you can enter a question mark (?) and 
press enter for an explanation of the options provided. Once you’ve decided on your 
option, type it and press enter. Theriak calculates the thermodynamic boundaries of 
your bulk composition based on the jun92.bs database.
Step 5: Once Theriak has finished running (this takes very little time), close the Theriak 
window and open the Domino file using terminal. The format is the same, and you will 
be prompted for the parameters (pressure, temperature, etc.) of the desired diagram. 
Once all prompts are entered, the program begins to calculate the location of reaction 
lines, invariant points and stable assemblage fields. These calculations usually take 
between fifteen minutes and an hour, depending on the size and complexity of the dia-
gram. No additional user input id required until the program is finished calculating.
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Step 6: When Domino is done, close the program and open the guzzler file in terminal. 
Guzzler is used to label the output plot, so this program asks about the size and type 
of labels desired. It’s a fast program, and can be run multiple times until the desired 
output is reached.
Step 7: Close guzzler and open explot. This is the program that renders the thermo-
dynamic results into a phase diagram. There is only one prompt in this program. Type 
‘clean’ and press enter. Close the program.
53
Step 8: Open plot.ps using Adobe Illustrator, if available. The file can also be opened 
using a pdf reader. The plot shows the equilibrium assemblage diagram. Simultaneous-
ly, open ‘table’. This is a numbered list of every single reaction shown on the diagram. 
These two resources can be used together to produce a clear, readable diagram that 
highlights the desired results.
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Method for converting weight oxide percents to elemental mole for use with 
Theriak-Domino.
1. Normalize your weight oxide percent values to 100. This also makes it easy to assign 
the arbitrary weight value of 100 grams to the total sample, simplifying the % to gram 
conversion. The values for 89321, the coesite-eclogite sample, are as follows:
Oxide Weight %
SiO2 49.40
TiO2 2.541
Al2O3 16.73
FeO 13.80
MnO 0.201
MgO 7.75
CaO 5.05
Na2O 3.49
K2O 0.79
P2O5 0.242
Total 100
2. Find the molar mass of each element (except oxygen)
Oxide Weight % Element (g/mol)
SiO2 49.40 28.08553
TiO2 2.541 47.8671
Al2O3 16.73 26.98154
FeO 13.80 55.8452
MnO 0.201 54.938
MgO 7.75 24.30506
CaO 5.05 40.0784
595
Oxide Weight % Element (g/mol)
Na2O 3.49 22.9898
K2O 0.79 39.09831
P2O5 0.242 30.9738
Total 100 --
3. Establish the gross formula weight (GFW) for each oxide. The GFW is the molar 
mass, including all oxygen.
Oxide Weight % Element (g/mol) GFW (g/mol)
SiO2 49.40 28.08553 60.084
TiO2 2.541 47.8671 79.866
Al2O3 16.73 26.98154 101.961
FeO 13.80 55.8452 71.844
MnO 0.201 54.938 70.973
MgO 7.75 24.30506 40.304
CaO 5.05 40.0784 56.077
Na2O 3.49 22.9898 61.979
K2O 0.79 39.09831 94.196
P2O5 0.242 30.9738 141.945
Total 100 --         --
4. Divide the elemental molar mass by the GFW molar mass to find the percent of each 
oxide that is the primary element. Leave this number as a decimal for now. **Note 
that some oxides have more than 1 part of the primary element (eg. K2O). Make sure 
to multiply the results for these elements by the number of parts in the formula (for 
K2O, you would multiply your answer by two).** (here I have corrected for this by 
multiplying the element %’s of affected oxides).
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Oxide Weight % Element (g/mol) GFW (g/mol) Element %
SiO2 49.40 28.08553 60.084 0.467437754
TiO2 2.541 47.8671 79.866 0.599342649
Al2O3 16.73 26.98154 101.961 0.529252165
FeO 13.80 55.8452 71.844 0.777311954
MnO 0.201 54.938 70.973 0.774069012
MgO 7.75 24.30506 40.304 0.60304337
CaO 5.05 40.0784 56.077 0.714702998
Na2O 3.49 22.9898 61.979 0.741857726
K2O 0.79 39.09831 94.196 0.830147989
P2O5 0.242 30.9738 141.945 0.43641974
Total 100 --         --
5. Now multiply the element % by the weight % in order to find the weight of the 
element.
Oxide Weight 
%
Element 
(g/mol)
GFW 
(g/mol)
Element 
%
Element 
Weight
SiO2 49.40 28.08553 60.084 0.467438 23.0914
TiO2 2.541 47.8671 79.866 0.599343 1.52293
Al2O3 16.73 26.98154 101.961 0.529252 8.85439
FeO 13.80 55.8452 71.844 0.777312 10.7269
MnO 0.201 54.938 70.973 0.774069 0.15559
MgO 7.75 24.30506 40.304 0.603043 4.67359
CaO 5.05 40.0784 56.077 0.714703 3.60925
Na2O 3.49 22.9898 61.979 0.741858 2.58908
K2O 0.79 39.09831 94.196 0.830148 0.65582
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Oxide Weight 
%
Element 
(g/mol)
GFW 
(g/mol)
Element 
%
Element 
Weight
P2O5 0.242 30.9738 141.945 0.43642 0.10561
Total 100 -- -- -- --
6. To find moles of the element, divide the element weight by the molar mass of the 
element (divide column 6 by column 3).
Oxide Weight 
%
Element 
(g/mol)
GFW 
(g/mol)
Element 
%
Element 
Weight
Element 
moles
SiO2 49.40 28.08553 60.084 0.467438 23.0914 0.82218
TiO2 2.541 47.8671 79.866 0.599343 1.52293 0.03182
Al2O3 16.73 26.98154 101.961 0.529252 8.85439 0.32816
FeO 13.80 55.8452 71.844 0.777312 10.7269 0.19208
MnO 0.201 54.938 70.973 0.774069 0.15559 0.00283
MgO 7.75 24.30506 40.304 0.603043 4.67359 0.19229
CaO 5.05 40.0784 56.077 0.714703 3.60925 0.09005
Na2O 3.49 22.9898 61.979 0.741858 2.58908 0.11262
K2O 0.79 39.09831 94.196 0.830148 0.65582 0.01677
P2O5 0.242 30.9738 141.945 0.43642 0.10561 0.00341
Total 100 -- -- -- -- 1.79222
7. Finally, normalize your data so you have 1000 total moles. this makes it easier to 
input into Theriak-Domino.
Oxide Weight 
%
Element 
(g/mol)
GFW 
(g/mol)
Element 
%
Element 
Weight
Element 
moles
Normalized 
moles
SiO2 49.40 28.0855 60.084 0.46744 23.0914 0.822182 458.749757
TiO2 2.541 47.8671 79.866 0.59934 1.52293 0.031816 17.75212989
Al2O3 16.73 26.9815 101.96 0.52925 8.85439 0.328165 183.1047397
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Oxide Weight 
%
Element 
(g/mol)
GFW 
(g/mol)
Element 
%
Element 
Weight
Element 
moles
Normalized 
moles
FeO 13.80 55.8452 71.844 0.77731 10.7269 0.192083 107.1756973
MnO 0.201 54.938 70.973 0.77407 0.15559 0.002832 1.580194806
MgO 7.75 24.3051 40.304 0.60304 4.67359 0.192289 107.2905047
CaO 5.05 40.0784 56.077 0.7147 3.60925 0.090055 50.24748649
Na2O 3.49 22.9898 61.979 0.74186 2.58908 0.112619 62.83745591
K2O 0.79 39.0983 94.196 0.83015 0.65582 0.016774 9.359062805
P2O5 0.242 30.9738 141.95 0.43642 0.10561 0.00341 1.902536504
Total 100 -- -- -- -- 1.792223 999.9995651
For Calculating (Al, Na, K and P corrected for formula):
Oxide Weight 
%
Element 
(g/mol)
GFW 
(g/mol)
Element 
%
Element 
Weight
Element 
moles
Normalized 
moles
SiO2 48.87 28.0855 60.084 0.46744 22.8437 0.813361 430.0943378
TiO2 2.514 47.8671 79.866 0.59934 1.50675 0.031478 16.64499094
Al2O3 16.55 26.9815 101.96 0.52925 8.75912 0.324634 171.6619854
FeO 13.66 55.8452 71.844 0.77731 10.6181 0.190134 100.540356
MnO 0.198 54.938 70.973 0.77407 0.15327 0.00279 1.475204575
MgO 7.67 24.3051 40.304 0.60304 4.62534 0.190304 100.6299918
CaO 5.00 40.0784 56.077 0.7147 3.57351 0.089163 47.1482368
Na2O 3.46 22.9898 61.979 0.74186 2.56683 0.111651 59.03937524
K2O 0.78 39.0983 94.196 0.83015 0.64752 0.016561 8.757343015
P2O5 0.239 30.9738 141.95 0.43642 0.1043 0.003368 1.780688775
Total -- -- -- -- 1.773443 937.7725103
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Appendix D: Thermobarometry using XMapTools
XMapTools uses relative concentration element maps as well as calibrated spot anal-
yses to assign chemical compostions to an area (grain) of a sample. The first step for 
using XMapTools is to collect chemical data using an EMP. I used ten major elements, 
and collected relative concentration maps for each. Spot anlyses used the same ten el-
ement oxides. Maps should be large enough to encompass the whole grain of interest. 
I used maps that were 200 x 200 pixels and 200 x 300 pixels, for each of my samples, 
respectively. Maps should cover the exact same area and be the exact same dimen-
sions, so they can be digitally stacked. Spot analyses only need to be done on the 
grain(s) of interest, not the surrounding grains. Take lots and lots of spots, since some 
will have odd totals or hit cracks or crevices in the sample surface. Make sure that you 
have more than enough spots. Also keep a thorough record of the EMP coordinates of 
all data collected, as the program uses this information to accurately place the spots 
on the maps.
Step 1: Prepare the maps. The maps should be in text form (files ending in.txt). Open 
the map files in excel first to make sure they are the same dimensions. This is also the 
time to delete the bottom ~15 rows of pixels, which include the label of the map and 
the scale bar. The rows to be deleted will look different (numerically and visually) than 
the rest of the map. Make sure you name each file in a way that indicates what element 
is being analyzed. 
The XMapTools user manual is available on the XMapTools website, where the program 
can also be downloaded (http://www.xmaptools.com). The user manual gives very 
precise step-by-step instructions for using the program, which I won’t reiterate here. 
Rather, this appendix provides peripheral tips and information. 
Step 2: Load the maps into XMapTools. Follow user manual instructions for this step. 
Load all element maps.
60
Step 3: Create a mask. Once all the maps are loaded, press the compute masks but-
ton and select a single spot from each different mineral on the map. Select spots that 
are not mixed composition, and are not on grain edges. It’s worth trying a few different 
masks to see what returns the best results. Try both normalized and standard intensi-
ties, and try selecting more or less phases. The best mask will be the one that most ac-
curately shows the pixels that are within and outside your mineral of interest. For single 
mineral work, the important thing is to define your mineral grain well, without worrying 
about the  minerals outside of your grain. This may mean defining more or fewer differ-
ent minerals than actually exist on the map, in order to best define the boundaries and 
pixels you’ll be working with later. In the figure below, the most important thing is to 
correctly mask out the muscovite pixels!
Mineral Maskle
Quartz Orthoclase Plagioclase Biotite Muscovite
Oligoclase
Muscovite
Apatite
Quartz
Biotite
500 µm
Orthoclase
Apatite
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Step 3: Add spot locations. Open an excel sheet with all the EMP spot results. First, fil-
ter the data to omit any bad results (high or low totals, etc). Then, take the ‘good’ data 
and enter it into the profile file. This file was downloaded with the XMapTools package. 
It has some data already, which will be replaced with your data. It’s easiest to organize 
the columns of your excel sheet so they match the order of elements (and coordinates) 
in the profile file add in any additional elements you need in the top (defining) row. Then 
copy and paste all the data into the profile file.
This file also requires the overall coordinates of your map. An excel macro is available 
on the XMapTools website which translates the center x.y coordinates of the map, and 
the size of the map in pixels, into the format you’ll put into the profile file. You’ll also 
need to know the brand of EMP used to collect the data (Cameca or Jeol). 
Corner coordinates of the map,
 calculated from macro
Order of elements and
spot coordinates
Load the profile file using the file load button under the standards header.
Step 4: Standardize. This step puts everything together to produce results. It’s a little 
tricky, because in order to be able to do this, you have to select a mineral mask (from 
the dropdown menu in the manager section). If you don’t select a mineral mask, the 
standardize button will be grayed out and unusable.
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Step 5: Pressure estimates. Once you standardize, you’re taken to the ‘Quanti’ window, 
which provides options for estimating the pressure of formation. Select your desired 
barometer and press compute. Note that the only pixels displayed will be the ones 
from the mineral mask selected earlier. These are the only pixels used for barometery.
Select map mode and pick your mineral. Compute. 
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Step 6: Results. Pressing compute will take you from the ‘quanti’ toolbar to the ‘results’ 
toolbar. This last step is simple. Press the filter button to eliminate any pixels that do 
not meet the statistical standards of the program, as outlined in the manual. Then press 
export to export the pressure results as a numerical data set that can be used to ascer-
tain the mean and standard deviation (numerical results). Matlab can be used for this.
Filter. Export results as a numerical data set.
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